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ABSTRACT

Accurate pre-clinical models of human cancer are essential for basic and translational research. The undeniable
necessity of such models clashes with the reality of their ineffectiveness to replicate the context where human
tumors form. Here is presented a new mouse model for human Medulloblastoma (MB) disease, a pediatric brain
tumor with high incidence and frequent lethal recurrencies, for which conventional treatments often cause
lifelong drawbacks.

By leveraging the “immune-privileged” embryonic developmental time window, orthotopic xenotransplantation
of human MB cells were successfully engrafted in immune-competent mice. The xenotransplants integrated
into the host brain, reconstituting several tumor microenvironment characteristics by demonstrating
infiltration, vascularization, and immune cell infiltration. Second, aimed to respond to the urgencies of new
therapies, the MB model was here used to assess the efficacy of a poo/ of 11 microRNAs (miRNAs) that has
been previously described to induce neuro-differentiation in neural progenitor populations. Non-coding RNAs
play a fundamental role in cancer, with miRNAs occupying the frontlines being capable of either hijack or
suppress tumor biology. Effective therapies cannot be devised if developed within a flawed system. We find
that the engrafted MB tumors are responsive to the 11-miRNA pool pre-treatment, exhibiting reduced tumor
proliferation and infiltrative-like features.

The approach here described enables the study of human MB formation and biology under conditions
resembling its physiopathology, specifically in an embryonic and immune-competent environment. This mouse
model can serve as platform to study efficacy of therapies, here demonstrated by means of miRNAs, offering

significant opportunities for neuro-oncological research.
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CHAPTER1 Introduction

From Biogenesis to Biological Significance of microRNAs in mammalian Cancer
and Central Nervous System

MicroRNAs are a class of small, non-coding RNA (ncRNA) molecules endogenously expressed as a single-strand
that regulate the expression of the majority of the mammalian mRNAs®, The length of miRNAs is
approximately 23 nucleotides (nt)!%%, which differentiate them from other small non-coding RNAs (i.e. piRNA,
siRNA)!”. miRNAs stand as the pioneers of small ncRNA discovery, having been first identified in 1993 by the
Ambros group %4, and the subsequent discovery of their high conservation?%?3 (with miRNA now recognized
from the Bacteria kingdom**23%) has prompted the formulation of hypotheses regarding the substantial roles
these molecules have played in the evolution, leading to the finding of miRNAs as important post-
transcriptional regulators of expressed transcriptsé2320137 The recognition of the cognate sequence relies on
the “seed sequence” of the miRNA, a region situated a position 2-7 nt from the miRNA 5’-end, that controls
miRNA binding to the target and the functional specificity!®’#, The gene-repressive functions of a miRNA are
supported by the RNA-induced silencing complex (RISC), which guides the miRNA to its target mRNA through
complementary base pairing. Once the miRNA is bound to its target mRNA, the RISC complex can initiate the
process that leads to the inhibition of the translational machinery®? or degradation of the transcript®. The
choice between the two mechanisms hinges on the quality of binding between the target sequence and the
miRNA, whether perfect or imperfect. In Metazoans, imperfect binding is prevalent®*!#118 resulting in
ribosomal stalling and subsequent release of the transcript, followed by its degradation. Additionally, alternative
mechanisms have been identified, including direct cleavage or destabilization of MRNAZ%152 interference with
ribosome function??:240235311 and direct degradation of mMRNA or the protein?2% In rare instances, inhibition
also occurs through chromatin remodeling'*2. These discoveries were adeptly modeled mathematically in the
systematic review conducted by Morozova in 20122,

To understand the principles governing the function of miRNAs, comprehension of their biogenesis is crucial, as
each phase significantly influences the specificity and effectiveness of the functional molecule (Figure 1.1). This
aspect has fundamental importance in the development of therapeutic strategies that exploit these genetic
tools, a concept that will be later discussed in detail. Primary miRNAs transcripts originate approximately
equally from intergenic regions, being transcribed from autonomous genes!®* and from intragenic regions
(mostly, introns)?, The initial step in mMiRNA biogenesis entails the transcriptional process of RNA polymerase
1136154 though a smaller fraction is transcribed by RNA polymerase 1117, Transcription results in a long primary
transcript known as pri-miRNA, characterized by a single-hairpin structure of about 80 nts. It is relatively
common that miRNA can be derived from a polycistronic transcript, containing miRNA genes placed
contiguously and generally defined as a cluster?®. At this point, the maturation can proceed along two pathways:
the Canonical, involving miRNA originating from intergenic regions, and the Non-Canonical, with the

maturation of the miRtrons (intergenic origin).



MIiRNA biogenesis: Canonical and Non-Canonical pathways

The primary mechanism for miRNA maturation is the canonical pathway??2 This mechanism involves the
recognition of the pri-miRNA by the nuclear Microprocessor complex, DGCRS8, and DROSHA (an RNAse Il
enzyme). DGCR8 recruits DROSHA, guiding it to accurately cleave the stem-loop of the pri-miRNA. The miRNA
precursor (pre-miRNA), of approximately 70 nts, is then released. Recognition by EXPORTIN-5 (XPO-5) and
the GTPase-dependent protein Ran permits pre-miRNA to be transported to the cytosol. Here, the RNAse-III
DICER recognizes and cleaves the stem-loop of the pre-miRNA. The resulting duplex is then stabilized by AGO
protein binding, and later assembled in the RISC complex. The strand loaded into AGO is defined as the guide
strand, while the other, the passenger strand, is eventually degraded. Within the RISC complex, only one strand
of the duplex is incorporated. Determination of which strand is selected relies on the thermodynamic stability
at the 5’ end of the miRNA duplex or the presence of 5 uracil at nucleotide position 12313>, This discrepancy is
correlated to the cellular context and results in a strand bias with significant biological implications?3205222200,
Non-canonical biogenesis entails distinct maturation pathways, typically bypassing one or more steps of the
more conventional one??2, These pathways can be categorized into Drosha/DGCR8-independent and Dicer-
independent. A primary example of Drosha-independent generation of pre-miRNA are the miRtrons?® derived
from mRNA introns during splicing. It is interesting to note that no miRtron has been identified as shared among
the phyla of worms and the Mammalian and flies classes!. The identification of hundreds of new mirtrons implies
that, collectively, these molecules play a substantial role in gene silencing and evolution.

Although the above mechanisms account for the biogenesis of the majority of mammalian miRNAs, several
exceptions were reported, such as Dicer-independent miRNAs, which are processed by Drosha from
endogenous transcripts of short-hairpin RNA®?, Since their length is insufficient to be a Dicer substrate because
they lack the microprocessor-binding sequence, these miRNAs necessitate Ago2 for trimming, completing the

maturation process??2,

Annotation of microRNAs
The fundamental rules in the nomenclature of miRNAs, as outlined by Ambros et al.%, are here provided for ease
in comprehension of subsequent parts of the text:

e  The mature form of the miRNA product is denoted as "miR," followed by a hyphen and a number,
determined by the historical order of discovery (i.e.,, miR-124 was identified and annotated before
miR-425)

e  Gene locus, pri-miRNA and pre-miRNA are collectively referred to as "mir"

e miRNAs that differ by a few nucleotides are annotated with a lowercase letter after the
identification number. Example:

hsa-mir-15a UAGCAGCACAUAAUGGUUUGUG
hsa-mir-15b UAGCAGCACAUCAUGGUUUACA

e Each miRNA should be preceded by three letters specific for each species, such as:

hsa-mir-376 belongs to Homo sapiens

mmu-mir-376 belongs to Mus musculus



e If two distinct loci produce identical mature products, an additional number is added after the full
name. For instance, hsa-mir-515-1 and hsa-mir-515-2 are distinct miRNA genes that produce the
same mature miRNA product.

e A suffix to the name indicates from which dsRNA the mature sequence originates. Examples:

hsa-mir-1228-5p from the 5' arm of the pre-miRNA
hsa-mir-1228-3p from the 3' arm of the pre-miRNA
e  Clusters of miRNAs are generally indicated by the full name of the first miRNA composing the

group, followed by a dash and the number identifying the last member. Example:
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Figure 1.1 - MiRNA biogenesis and functions. MicroRNAs (miRNAs) are initially transcribed as long, hairpin-containing precursor molecules
known as primary miRNAs (pri-miRNAs). miRNAs that are encoded by their own genes and transcribed by RNA polymerase Il as independent
transcripts follow the canonical biogenesis pathway. In contrast, miRNAs that are encoded within introns of host genes, termed mirtrons, are
transcribed along with their host genes and undergo a non-canonical biogenesis pathway. In the canonical miRNA biogenesis pathway, primary
miRNAs (pri-miRNAs) are cleaved (cropping) by the microprocessor complex, composed of Drosha and DGCRS, to generate hairpin-shaped pre-
miRNAs. In contrast, miRNA precursors in the non-canonical miRNA biogenesis pathway are processed (debranching) by the splicecosome complex
to yield mature miRNAs. After being processed into pre-miRNAs, exportin-5 transports pre-miRNAs into the cytoplasm where the ribonuclease
protein Dicer (dicing) further processes them into 18-22 nt duplexes. The mature miRNA is then incorporated into protein complexes called "RNA-
induced silencing complexes” (RISC), where it exerts its gene-regulatory function by targeting specific mnRNAs. The strand loaded into RISC complex
is referred to as the guide strand, while the second passenger strand, is typically degraded, but in certain miRNAs, both strands are incorporated
into RISC, leading to the formation of miR-"star” (miR-*). In mammals, RISC-loaded miRNAs engage in imperfect base-pairing interactions with
target mRNAs. Target specificity is dictated by the seed region of the miRNA, a sequence 6-8 nucleotides at the 5' end of the miRNA, which guides
the binding site of miRNAs to any region of the target mRNA (i.e. 5" UTR, 3" UTR, or coding region). MicroRNAs utilize a range of mechanisms,
such as ribosomal stalling, direct cleavage or destabilization of mRNA, and interference with ribosome binding, to effectively regulate their target
expression. Each microRNA has the potential to interfere with hundreds of target mRNAs, while a single mRNA target can be modulated by
multiple microRNAs in a synergistic manner®*21°, This convoluted regulatory network enables microRNAs to integrate diverse intracellular signals
and regulate numerous signaling pathways. Adapted from de Luca et al., 20172,



The functions of miRNAs in cell fate: pathological implications and therapeutic
opportunities for brain cancer

NGS technologies ignited the era of miRNome studies, fostering transformative discoveries in basic research
and application for personalized medicine?”*. There are around 2,300 mature miRNAs expressed in H. sapiens,
as reported in miRbase (v.22)S. It has been estimated that miRNAs play a role in the post-transcriptional
regulation of at least 60% of all protein-coding genes'’®, suggesting that the entire coding genome is likely under
the influence of miRNAs. The human miRnome is organized into gene regulatory networks of greater
complexity than previously thought. Indeed, miRNAs can act synergistically which means they can work
together to produce an effect that would not be possible if they acted alone!”70242222. miRNA targets have the
capacity to regulate the expression of tens to hundreds of mMRNAs, with several miRNAs potentially overseeing
a single mMRNA (Figure 1.2). Thanks to their complex functional programs, miRNAs influence key biological
processes such as cell cycle®31202 immune response®*24217 and cellular homeostasis””. In essence, miRNAs

are among the major effectors defining the boundary between physiological and pathological states’2°6:21470.97.145,
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Figure 1.2 - Proposed mechanisms of action of miRNAs and their targets mRNAs. MiRNAs may cooperate in modulating several intrinsic and
extrinsic signals. Among the demonstrated models can be find: (a) convergence on target, a single target is modulated by one or several co-
expressed miRNAs; (b) convergence on pathway, more than a miRNA regulates multiple targets involved in the same molecular pathway; (c)
convergence on function, multiple miRNAs define a network able to regulate coding genes with overlapping biological functions, or single miRNA
controls different effectors of the same biological program. Adapted from Barca-Mayo et al., 20147,



miRNA in Neurodevelopment

During embryogenesis, miRNAs are very abundant and exhibit specific spatial and temporal expression patterns
in the developing central nervous system (CNS)427628817.346282  making them potential regulators of CNS
development, maintenance and pathological processes®. While the importance of miRNAs in brain
development is recognized, the precise mechanisms of their influence remain unclear, as most studies lack
thorough biological validation beyond predicted targets. This chapter explores fundamental neuronal

development processes. Examples of the role of miRNAs in neurodevelopment and differentiation will follow.

Cornerstones of CNS development

The intricate development of the central nervous system (CNS) is initiated by the neural induction process, in
which the interplay of Fibroblast Growth Factor (FGF) signaling, in particular FGF8, and the suppression of bone
morphogenetic protein (BMP)#®%173271 culminate in establishing the neural plate. During the process of
neurulation, neural plate cells rearrange and give rise to the neural tube, the precursor structure of the CNS in
mammals'®®27 This structure is composed of neuroepithelial cells (NEC) that undergo symmetric proliferative
divisions to expand their pool before initiating the neurogenesis: asymmetric divisions generates a daughter NEC
plus a differentiated cell, which can be a more committed progenitor cell or a neuron#?°, The neural progenitor
cells, the Radial Glia (RG) and Basal Progenitors (BP) progressively reduce the symmetric divisions and increase
the asymmetric neurogenic divisions. This phase culminate in the generation of postmitotic neurons!'?. Later,
neurons migrate from the germinative layers, the ventricular zone (VZ) and, in the telencephalon, the
subventricular zone (SVZ) to their final destinations, where they will organize the different structures
composing the CNS. In fact, here the neurons extend neurites (axons and dendrites) that form functional neural
circuits®®®. This process occurs within weeks in rodents but can take months in humans. The cerebral cortex
develops from the telencephalon, the foremost region of the neural tube. During embryonic development, cell
proliferation and differentiation events forge the final cortical architecture, a laminar structure with 6 layers
(labeled, from the most surface-level to the deepest, I, lI/1ll, IV, V, VI). The laminar organization is obtained by
radial migration, and accumulates in an inside-out pattern®>'%¢ Each cortical layer contains neurons that have
a lamina-specific projection pattern®? therefore deep layer neurons project out of the cortex, whereas

superficial layers contain neurons that form corticocortical projections®214,

miRNA in CNS development

Epigenetic mechanisms and miRNAs regulate neurogenesis as well as the neuronal differentiation and further
maintain their proper functions®?. MiRNAs also play an influent role in the wiring of brain network, as miR-218
that was recently correlated with the definition of hippocampal connection3®,

Additionally, miRNAs' emerging roles in neurogenesis impact our understanding of nervous system evolution.
The positive correlation between miRNA genes count and organismal complexity, particularly in cortex-
dependent cognitive abilities, suggests that recently evolved miRNAs might contribute to higher cognitive
functions in primates through neurogenesis regulation. The axis between miRNAs and NS was firstly postulated
through experiments disrupting miRNA biogenesis factors like Dicer120622%%151 These studies demonstrated

that functions of miRNAs in cortical development are time- and tissue-specific?4##%17.18 The effects of miRNAs



on protective or disease-promoting function are the same as those seen in cancer (discussed in later sections).
Loss- or gain-of-function experiments of specific miRNAs lead to these conclusions. The miR-17-92 family was
shown to be essential for embryonic cell development??3%, neural progenitor cell proliferation®3, axonal
growth3¥ and the transition to intermediate progenitors??. Knock-out experiments revealed T-brain gene 2
(Tbr2; a key regulator of neurogenesis in the SVZ) is a target of the miR-17 - 92 cluster, resulting in suppression
of cortical radial glial cells and expansion of the progenitor population?. miR-124, the brain's most abundant
miRNA, plays a crucial role in neurogenesis. It gradually increases during neuronal differentiation to reach the
peak in mature neurons'®’12482674 |t was demonstrated, by manipulation in the level of miR-124, the
involvement in adult neurogenesis (targeting Sox9)”7, neurogenesis and neural fate specification?4'>”4 and in
axon growth!?, Like miR-124, also miR-9 is enriched in brain and controls neural stem cell numbers®>> and the
balance between neural stem cell renewal and differentiation3*!. Moreover, miR-9 was shown to regulate
neuronal migration and outgrowth*? as well as neural fate through epigenetic alterations that are able to convert
fibroblasts into neurons33!247328 |mportant to note, miR-9 expression restricts the pool of neural progenitors in
the boundary dividing midbrain and hindbrain®. The diverse effects of miRNAs could be united through their
convergence on TLX, a well-known upstream activator of the Wingless-related integration site (Wnt) signaling
pathway?¥7328 This pathway's downstream effector, cyclin D1, is a key regulator of cell proliferation??, miR-137
is another relevant example of how TLX modulation can interfere in neuronal cell-specification®*°. Doublecortin
(Dcx) is a well-known gene directly affecting neuronal migration?. Levels of Dcx are influenced by miRNAs
indirectly, through the inhibition of REST complex (miR-124 is a valid example)3” or directly, as for miR-134%4,
Notably, miR-134 is located within the miR-379 - 410 miRNAs family, the largest known mammalian-specific
miRNA cluster (which includes miR-134 and miR-376)*°.

The roles of miRNAs in Cancer

In cancer research, miRNAs were classically divided into two different categories'’? based on their expression:
i) miRNAs that act as oncogenes - oncomiR, and ii) miRNAs that act as tumor suppressor miRNAs
(TsmiRs)38119.305263108  Genome-wide investigations revealed that many miRNA genes are located in regions
harboring cancer-associated genomic regions®3*1%, Interestingly to note, half of human miRNAs are localized in
fragile chromosomal regions associated with chromosomal mutations causing tumor development!’2, Moreover,
cancer-related genes are more frequently targeted by miRNAs compared to other classes of disease genes. The
exact reason for this higher susceptibility of cancer genes to miRNAs remains unknown!®70263  Cancer-
associated regions become oncogenic or tumor-suppressive depending on whether these regions are
compromised by structural/functional amplifications (enhancing their tumorigenic potential) or maintained in
their protective purpose. This relationship represents the fundamental framework on which the link between
miRNAs and cancer relies. The first pioneering research connecting miRNA and cancer was performed by
Croce’s lab®, This work has opened a field of investigation that is far from being concluded. Several studies have
shown that miRNAs expression is tightly controlled by different transcription factors, so the abnormal
expression of miRNAs in cancer could be due to dysregulation of some key transcription factors such as c-Myc®

and p532%, The c-Myc transcription factor, famous for its oncogenic role, can induce the activation of the miRNA



cluster miR-17 - 92, playing as an oncomir, while suppressing the activation of the tumor suppressor miRNA
let-7%3, The p53 protein functions as a tumor suppressor and is often inactivated in many cancer types. The p53
- miR-34 axis exemplifies how a transcription factor regulates miRNA expression to execute tumor-suppressive
functions. Mendell and colleagues* demonstrated that p53 can stimulate the expression of miR-34a, which is
known to promote cell-cycle arrest, cell senescence, and apoptosis. This, in turn, establishes a positive feedback
loop by targeting SIRT1, a negative regulator of p53. Beyond c-Myc and p53, additional transcription factors
have been identified as components of a mini-circuitry that controls miRNAs expression’®%, Therefore, miRNA
production is intricately regulated by multiple factors to maintain normal transcription, and any dysregulation
in this process can lead to tumorigenesis. Other factors that are recognized to be linked with cancer are
epigenetic alterations. There is a belief that miRNAs can undergo epigenetic modulation analogous to protein-
coding genes?®. The research group led by Nervi demonstrated how CpG methylation could impede the
expression of miR-223%. In the case of miR-127, which is also situated on a CpG island, a significant increase in
expression was observed following treatment with DNA methylation and histone acetylation inhibitors. This
upregulation was accompanied by the downregulation of the proto-oncogene BCL6%. Similarly, decreased
expressions of miR-124a is attributed to DNA hypermethylation in breast, lung, and colon carcinomas,
respectively®’. The above evidence highlighted the role of epigenetic regulation in miRNA expression during
tumorigenesis, implying that aberrant DNA methylation and histone acetylation of miRNA genes could serve

as useful biomarkers for cancer diagnosis and prognosis.

miRNAs and Cancer Proliferation

One of the most emblematic features of cancers is abnormal cell proliferation. Deviance from the normal
balance between cell proliferation and inhibition is the primary source of tumorigenesis. It recently came out
how miRNAs are profoundly interlaced with pathways of cellular proliferation, thus being responsible for
tumorigenesis initiation. E2F proteins are critical regulators of cell proliferation, and their expression is
regulated by miRNAs 113321, A member of this protein family, E2F1, induces target gene transcription during the
G1 to S transition. Normally, miR-17 — 92 cluster controls the levels of E2F while the other components of E2F
family (E2F2 and E2F3) in turn induces the expression of the cluster, creating a feedback system that controls
the cell-cycle progression. In cancers, c-Myc is known to induce the overexpression of both E2F2 and miR-17 -
92, to exploit the cluster function to disrupt the feedback loop and eventually promote cell proliferation?+22,
Recently, it was shown that the expression levels of MYC/E2F/miR-17 - 92 network highly correlates with the
progression of childhood malignant tumors of NS, being particularly high in medulloblastomas cancers!3. The
cell-cycle depends on cyclins, cyclin-dependent kinases (Cdks), and respective inhibitors, components regulated
by miRNAs. Dicer-1 KO mutant of D. melanogaster germline stem cells are unable to proceed from G1 to S
phase'?, In glioblastoma, p27¥®! (Cdk inhibitor) is the target of miR-221/2222*%, and ectopic expression of miR-
221/222 stimulated cell proliferation'®® establishing a causal link between miR-222/221 and tumorigenesis.
Moreover, other studies reported the relation of miRNA to cancerous pathways by acting as modulator of Cdk

and cyclin expression”,



miRNA and Apoptosis

Tumor cells employ various tactics to restrict or bypass apoptosis, with the most prevalent approach being the
impairment of the p53 tumor suppressor function. The reciprocal regulation between miRNAs and p53 has been
proven by showing the presence of precise mechanisms involving miRNA to induce the activation of p53 directly
or indirectly so that p53 acts as an effector to reduce the sensitivity of cells to apoptosis?®#482, Direct inhibition
of proapoptotic factors was seen in ovarian and glioblastoma cancers®?, enhancing the relevance of miRNAs on

the apoptotic activity and, as a result, in cell death.

miRNA and Angiogenesis

Angiogenesis is the process wherein new blood vessels emerge to meet the increased nutritional and oxygen
requirements associated with tumorigenesis'®. Vascular endothelial growth factor (VEGF) is the reference
angiogenic factor guiding endothelial cells to construct new vessels upon binding to its receptors®. In the tumor
microenvironment (TME), characterized by significantly lower oxygen levels than adjacent normal tissues,
hypoxia assumes a critical role. Hypoxia-inducible factor (HIF) serves as the fundamental transcription factor
responding to hypoxia®*® and influencing, among other genes, the expression of miRNAs. In this scenario,
miRNAs targeting the HIF or VEGF signaling pathways are expected to exert a substantial influence on
angiogenesis. For instance, miR-210 and miR-21 were correlated with hypoxia and sustainment of angiogenesis
in association with the expression of VEGF>2%4, Additionally, miR-424 is induced by hypoxia in endothelial cells,
facilitating angiogenesis both in vitro and in vivo by transcriptionally activating downstream VEGF expressiont®,
Claudins maintain the selective permeability of vascular endothelial cells, and in the particular case of the blood
brain barrier (BBB), Claudin-5 represents the most present tight-junction protein!'?3*3, Deregulation of claudin
and other tight junction proteins, e.g. occludin, and zona occludens (ZO) has been reported to link with tumor-
specific phenotype in cancer cells??®. Several miRNAs function as modulators of tight junction-related proteins
such as KLF2/4 (Kriippel-Like Factor 2), a direct target of miR-25-3p that relocates in vascular endothelial cells
upon miRNAs activation. This cluster is also implicated in the regulation of VEGFR2, ZO-1, occludin, and claudin
5, resulting in angiogenesis®®. Jia and collaborators'®” performed the first proof-of-concept experiment
revealing that the overexpression of Claudin-5 does alter the expression of several miRNAs, including miR-127,
a well-known tumor suppressor in several human cancer?®3® These studies, along with abundant

evidence31?3212108 affirm the complex regulation of angiogenesis by miRNAs.

miRNA and EMT

Epithelial-mesenchymal transition (EMT) can be considered as the pivot stage in metastatic cancer progression.
Metastasis is the series of dynamic biological events characterized by the loss of cell adhesion, through the
suppression of E-cadherin, and the activation of genes linked to motility and invasion. ZEB, SNAIL and TWIST
are the main transcription factors involved in the activation of the metastatic cascade'*?””. miRNAs play a role
also in the EMT and cancer metastatic phenotype?. This characteristic is linked to an increase in N-cadherin,
a family of cell adhesion molecules, and vimentin, a type Il intermediate filament protein that is a key
component of the cell's cytoskeleton?®178, Transforming Growth Factor- B (TGF-B), the master activator of

ZEB, SNAIL, and TWIST transcription factors, is in turn regulated by miRNAs. miR-21/miR-31, miR-155, miR-



29a were causatively correlated to the acquisition of EMT behaviour in colorectal®®, cervical and human
cancers®3%234 Experimental validation reported that overexpression of individual miRNAs can contribute to
metastatic phenotype. The work of Ma and colleagues showed that miR-10b, highly expressed in metastatic
breast cancer cells, induces invasion by promoting aggressive invasion in an in vivo immune-deficient mouse
model'¢. They also demonstrated that the expression level of miR-9 impairs the expression of E-cadherin. This
is in line with the evidence that use of a miRNA 'sponge’ targeting miR-9 reduces metastasis formation in the
animal model, suggesting a therapeutic target. In contrast to the work of Ma and colleagues, it was observed
that miR-9 suppresses MMP-14 expression by binding to the site in the 3'-UTR, consequently inhibiting the
invasion, metastasis, and angiogenesis of the tumor cells3¢. This represents a significant example of how the
cause-effect relationship can change depending on the context when dealing with miRNAs. Another notable
illustrations of mMiRNAs as protectors against the EMT, is the miR-200 family?”. These class of miRNAs are
downregulated by TGF-f, and showed to inhibit the expression of ZEB1 and ZEB2 and, the demonstration of a
negative feedback loop in which miR-200 primary transcript is also repressed by ZEB1 and ZEB2, reinforces the
hypothesis of miR-200 as regulator in highly invasive breast cancer cells’®. The promoter of miR-203 is
hypermethylated in highly metastatic breast cancer cells, and it was reported to inhibit tumor cell invasion in
vitro and lung metastatic colonization in vivo’. Another significant aspect of the EMT is its association with
chemoresistance, as demonstrated by Fischer in 2015%. Counterintuitively, chemotherapy was followed by
occurrence of lung metastasis by EMT cells. This phenomenon was linked to the overexpression of
chemoresistance-genes. However, the overexpression of miR-200 successfully counteracted the resistance.
Thus, EMT is involved in drug resistance and miRNAs could potentially counteract insensitivity of cancer cells
to drugs. This concept, intimately linked to Cancer Stem Cells (CSCs), will be further explored in the section

Cancer Stem Cells: a new therapeutic target.

Figure 1.3 - Influence of miRNAs in cancer development, progression, invasion, and metastasis. A subset of miRNAs, classified as tumor-
suppressive miRNAs (TsmiR) show reduced expression levels in cancer cells, while certain miRNAs (onco-miRs), exhibit increased expression in
cancer cells and contribute to their proliferation, angiogenesis, invasion, and metastasis®7%1%, The intricate mechanisms of action characteristic
of miRNAs underlie the consequences of their deregulation. Reintroduction of tumor-suppressive miRNAs into cancer cells inhibits proliferation,
induces apoptosis, reduces invasion and angiogenesis, and promotes cancer regression. Thus, therapeutic strategies targeting deregulated miRNAs
could reprogram cancer cells to self-destruct or sensitize them to conventional therapies by liberating target genes from miRNA-mediated
suppression®”’. Adapted from Nurzadeh et al., 2021%%,



Theragnostic role of miRNAs in cancer medicine

So far, miRNAs have shown a role in various aspects of cancer. One opportunity, partially addressed by the
emergence of NGS technologies, involves profiling miRNAs pathways. This process can aid clinicians in the use
of miRNAs for predictive and therapeutic strategies. Their disease-specific nature and ability to serve as early
indicators of disease make miRNAs a gold mine for cancer diagnosis and treatment. The following paragraph
provides examples of how knowledge about miRNAs has been applied in the clinic, both for prognostic and
therapeutic purposes. These examples were selected from the most relevant studies for their innovation and

potential impact on clinical practice.

Diagnosis and prognosis

Liquid biopsies have revolutionized disease detection, monitoring, and personalized treatment, offering
convenient alternative to traditional biopsies are impractical due to invasiveness or unavailability’®. Requiring
small blood or liquor samples, liquid biopsies are more tolerable and quicker than surgical biopsies. This potential
has held promises for cancer detection before emerging of clinical symptoms, as early diagnosis remains the
critical step for a timely intervention and positive outcome. The detection of miRNAs in body fluids, known as
circulating miRNAs (c-miRNAs), has emerged as a promising tool for cancer diagnosis and monitoring. Indeed,
c-miRNA were proven to be more stable to conditions that normally degrade other RNAs (i.e. temperatures,
pH, and RNase enzymes)*®!, probably because they are associated with extracellular vesicles (EVs) and RNA-
binding proteins, such as Ago2 and HDL Therefore, c-miRNA represents a non-invasive alternative for clinicians
and patients, making them ideally suited for longitudinal and retrospective studies®*3". Lu and colleagues were
the first to report the use of a bead-based miRNA profiling method to evaluate the levels in normal and tumor
tissues. The work revealed that distinct miRNAs expression patterns not only distinguish tumor origin but also
determine the degree of differentiation and enable the classification of poorly differentiated tumor tissues'’®.
Several studies further identified miRNA signatures that can accurately diagnose specific cancer types. For
instance, the use of a different subset of mMiRNAs was reported to specifically distinguish between tumoral and
normal tissues for breast and hepatocellular carcinoma®®®32,

Biomarkers able to analyze the situation of each individual are also extremely useful to stratify the patient’s
cohort. In lung cancer, downregulation of let-7 in lung cancer tissues correlates with higher disease stages and
poorer patient survival?®, In 2011, Costa et al. utilized TagMan Low Density Arrays to evaluate the expression
of 365 miRNAs in ependymomas and normal brain tissue®. They described the connection between the
expression of specific miRNAs (let-7d, miR-596 and miR-367) that correlate with better prognosis. miR-448 and
miR-383 were also identified to act as tumor suppressors in various cancers, including glioma3?® and
medulloblastoma’®®. Due to the complexity of the underlying mechanisms driving cancer, the effectiveness of a
singular treatment can vary, depending on the patient and the specific type of cancer. miRNAs are effective for
therapeutic outcome prediction. The work of Costa et al.*” found three miRNAs that successfully predicted the

outcome upon EGFR monoclonal antibody therapy in colorectal cancer patients.
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Therapy
The dual nature of miRNAs, functioning as oncogenes or tumor suppressors, offer two distinct approaches for

miRNA-targeted therapy (Figure 1.4):

e Reduce the expression of oncomiRNAs, using miRNA inhibitors, mainly antisense oligonucleotides,
or sponge®3,

e  Restore TSmiRNAs expression by gene therapy or administration of synthetic mimics.

Use of miRNAs mimics as therapeutic has held promise for cancer treatment since their first study, in which
miR-15/16 demonstrated efficacy in malignant pleural mesothelioma®?, In case of brain tumors,
administration of miR-335 mimics to malignant astrocytoma cells resulted in growth arrest, reduced cell
apoptosis, diminished invasiveness, and significant regression of astrocytoma xenografts?, In gliomas, miR-381
has been shown to decrease cell proliferation and tumor growth?’. Additionally, a miR-10b inhibitor is in the
safety and dose escalation phase for glioblastoma treatment®.

Despite promising preclinical results, miRNA therapeutics face significant hurdles in clinical translation,
primarily due to the challenges associated with delivering miRNA mimetic/inhibitor molecules. One issue is, for
example, the nuclease degradation in the extracellular space. Chemical modification of mimics has been
proposed and accepted from Food and Drug Administration (FDA)*!, but chemically modified miRNAs struggle
to target tumor sites in vivo. Moreover, chemical modification might prevent the recognition of miRNA mimics
by the maturation machinery. Covalent conjugation of specific moieties to miRNA mimics or inhibitors
enhances their tissue-specific uptake, improving their therapeutic efficacy. Examples of such moieties include
peptides, antibodies, aptamers, and sugars. One example is the N-acetylgalactosamine (GalNAc)-conjugated
miR-122 exhibited ligand-specificity against the Asialoglycoprotein receptor of the hepatocytes®. A clinical trial
using Cobomarsen, a single strand oligonucleotide chemically modified?’®, reported the case of a treated patient
of T-lymphoma whose tumor masses reduced significantly with no side effects. Packaging miRNA mimics or
inhibitors in nanoparticles can improve uptake efficiency. Still, liposome nanoparticles are limited by their size
and the lack of large extracellular spaces in solid tumors restricts liposomes uptake. A nanoparticle formulation
of miR-10b is currently undergoing a dose escalation phase for breast cancer treatment (Patent of Transcode
Therapeutics Inc.). Another approach leverages the unique characteristics of TME. MRX34, miR-34 mimic
encapsulated in liposome nanoparticles utilizes this strategy (ClinicalTrials.gov, NCT01829971). In the acidic
TME, MRX34 liposomes become positively charged, enabling them to adhere to negatively charged tumor cells
via electrostatic interactions. While initial results are promising, data on target gene efficacy in various solid
tumors is lacking, suggesting challenges in delivering miRNA mimics to tumors!*3, Among these events, a strong
immune-response was reported for two patients, highlighting the need for careful assessment of potential
toxicities®. In fact, innate immune responses triggered by exogenous RNA poses another challenge to miRNA
therapeutics. Modifying nucleic acid drugs with chemical moieties like the 2'-O-methyl group can help mitigate
TLR-mediated immune activation.

The effective delivery of miRNA therapeutics remains a critical challenge, preventing their widespread use in

cancer treatment. As a result, no miRNA-based therapy has yet gained clinical approval.
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Figure 1.4 - Schematic description of current methods for miRNA-based therapeutic approaches.

Cancer Stem Cells: a new therapeutic target

Cancer stem cells (CSCs), also known as tumor-initiating cells, represent a subpopulation of cells within tumors
accounting only 0.01-2% of the total mass®%324 These “hidden” cells present the remarkable ability to self-
renew indefinitely and differentiate into various cell types, contributing to tumor initiation, progression,
metastasis, and recurrence®42>114 CSCs are similar to normal stem cells, sharing common regulatory signaling
pathways (Wnt/B-catenin, Sonic Hedgehog (SHH), Notch pathways, and PTEN)3?* with fundamental roles in
self-renewal and growth. Brain CSCs derived from patients express markers CD133 (Prominin-1) and Nestin,
also called as neuroepithelial stem cell protein, which are also found in normal neuronal stem cells!?’. Dirks and
colleagues?* were the pioneers on identifying a population of brain stem-cell-like cells, isolated from aggressive
glioblastomas or medulloblastomas. These cells were characterized by the expression of CD133, a marker also
found on normal neural and hematopoietic stems. Notably, only CD133-positive cells induced tumor growth
when injected into mice, suggesting that CD133 expression is a key signature of tumor-initiating cells?®* CSCs
possess innate resistance to conventional anti-cancer therapies. Normally, anti-tumor drugs are designed to
target highly proliferating cancer cells?®?, but CSCs, due to their quiescent state, can evade the detection and
action of anti-tumor drugs??®?%. CSCs highly express ATP-binding cassette (ABC) transporters!, a class of
proteins conferring a multidrug resistance trait. Solid tumors, including several brain tumors, exploit these
proteins to become resistant to drugs’?. CSCs also employ aldehyde dehydrogenase (ALDH) as a defense
mechanism against oxidative stress induced by chemotherapy!*, thereby enhancing their resistance to these
drugs!*230321 |nterestingly, the ability to regulate oxidative stress and free radicals is also implicated in CSC
resistance to radiation therapy?®2?®, Moreover, CSCs possess enhanced DNA repair mechanisms, allowing them
to counteract DNA damage more effectively than non-CSCs™. HIFs, regulator of cellular hypoxia
responsiveness'®®, were demonstrated to modulate the proliferation and fate of CSCs in medulloblastoma and
glioblastoma multiforme!?. HIFs have been also linked to EMT, a process that is tightly intertwined with
CSCs. Cancer cells undergoing EMT acquire stem-like features®?, which is crucial for tumor initiation. In this
sequence of events, the Wnt signaling pathway assumes a pivotal role’, along with the Notch/Jagged?* and

hedgehog?!® signaling pathways.
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Several miRNAs have been identified to regulate EMT directly influencing the CSC population?*43446, Examples
include miR-10b13, miR-210%°%, miR-5188"%, In glioblastoma multiforme (GBM), miR-504 has been shown to
function as a negative regulator of the Wnt-f-catenin pathway by directly suppressing FZD7 expression.
Overexpression of FZD7 was able to reverse the EMT inhibition induced by miR-504'5, These pathways
regulate the expression of genes involved in EMT and CSCs, leading to their acquisition of stem-like properties
and drug resistance?®. miR-135a/b is also predicted to target SFRP4, a protein that inhibits Wnt/catenin!4,
miRNAs can also revert other CSCs pro-tumor characteristics such as drug-resistance, as demonstrated using
U87MG cells (human GBM cell line) in which the inhibition of miR-127, an important regulator of ABC
transporters, restored the drug sensitivity®..

The tight regulation of CSCs self-renewal is a critical factor in the process of tumorigenesis. Disruption of this
regulatory balance leads to unrestrained CSC self-renewal, ultimately ending with tumor development. Six
essential factors, namely Nanog, Sox2, Oct4, KLF4, Lin28, and c-Myc, are indispensable for maintaining stem
cell pluripotency. A subset of miRNAs, such as miR-470, miR-296, and miR-134, were shown to exert an
inhibitory effect on the expression of self-renewing factors Oct4, Sox2, and Nanog?’. Other examples were
extensively reported in the review of Gangaraju and Lin2. The origin of CSCs remains unclear, with two
possibilities: they may arise from normal stem cells or from normal progenitor/differentiated cells that have
reverted to a stem-like state. Further research is needed to determine the true source of CSCs. Furthermore,
the limited ability of cancer cells to allow tumor regrowth implies that treatment relapse is likely caused by the

persistence of CSCs, presenting a promising avenue for cancer therapy.
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Figure 1.5 - Cellular mechanisms of Cancer Stem Cells (CSCs). CSCs evade therapeutic agents through a complex interplay of signaling pathways
and cellular modifications, with signaling pathways promoting self-renewal and EMT. EMT, influenced by the tumor microenvironment,
contributes to drug resistance. This process is modulated by effectors acting on epigenetic modifications, DNA repair, and DNA remodeling,
potentially leading to a quiescent state, which in turn sustain drug resistance’*32%°32415821614_ Adgpted from Phi et al., 2018%.
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Medulloblastoma: a paradigm to study the role and therapeutic potential of miRNAs in abnormal CNS

development.

Medulloblastoma (MB) has origin from neural progenitor cells in the cerebellum due to malfunctions in the
developmental process at certain points. Given the tumor critical time of development and location,
understanding the fundamentals of cerebellar development is crucial. This section will provide an overview of

cerebellar development before delving into the specifics of MB disease.

Development of the cerebellum

The cerebellum is a small hindbrain structure that, beside the predominantly known role in motor movement
and balance, it has also integral function in sensorimotor and cognitive networks, influencing cognitive
processes, visuospatial reasoning, associative learning, emotional regulation, behaviour, and psychiatric
disorders®*®. The cerebellum harbors nearly half of the brain's neurons, organized in a dense cellular layer3, and
it stands out as on of the most elaborate regions of the CNS**. The anatomical structure consists of two
hemispheres connected by a narrow midline structure known as the vermis, a characteristic feature of
mammals®*. Like the telencephalon, the cerebellum is composed of grey and white matter. The outer grey
matter, the cerebellar cortex, is divided into three distinct layers: the molecular layer (at the outermost surface),
the Purkinje cell layer, and the granular layer (the innermost layer)3+?8, Embedded within the white matter,
underneath the cerebellar cortex, there are the four cerebellar nuclei, the output structures of the cerebellum.
Arising from the dorsal hindbrain'?, the cerebellum undergoes a four-step developmental process: 1) cerebellar
territory organization; 2) establishment of the cerebellar progenitors; 3) granule cell migration; 4) formation of
cerebellar nuclei and circuitry”. After the neural tube closure, the initial subdivision starts with the expression
of the transcription factors Orthodenticle homeobox 2 (Otx2; defining the Forebrain and Midbrain) and
Gastrulation Brain Homeobox 2 (Gbx2; in the Hindbrain), delimiting the midbrain-hindbrain boundary**>74, The
isthmic organizer (IsO), arising from this border, expresses FGF8, a crucial growth factor for cerebellar
development?®. Other neural tube products, including WNT1, SHH, BMP, and TGF-, interact with the IsO to
specify the anterior-posterior axis and rhombomere segmentation’®. Within Rhombomere 1, the proteins
ATOH1 and PTFla serve as distinct markers for the rhombic lip (RL) and the ventricular zone (VZ),
respectively®134314 The lower portion of the RL differentiates into transient pseudostratified epithelium, the
roof plate, and gives rise to choroid plexus cells. These specialized cells produce cerebrospinal fluid (CSF), a
critical component for brain development!. Alterations in CSF volume have been linked to cerebral growth
impairments and neurological disorders®®'%®?, Cerebellar nuclei neurons are the first to emerge from the RL and
the VZ?%°, The development of cerebellar nuclei initiates with a transient "nuclear transitory zone" located in a
marginal position. Neurons of the RL will migrate tangentially into the ventral and isthmus®*!! and will give
rise to the External Granule Layer (EGL). This latter, under the influence of FGF8 and SHH signals, undergoes
a clonal expansion phase during the late pregnancy period, that will culminate in the formation of a six-eight

cells layer around the second year of life in humans?#78,
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Medulloblastoma

MB is a devastating malignant tumor affecting the cerebellum, predominantly striking children, though it can
also occur in adults?®. Brain tumors represent the most common neoplasms in pediatric cases and are the
second leading cause of tumor-related deaths, following leukemia??®>. MB falls under the category of cancers
that affect the posterior fossa, including also astrocytoma, ependymoma, and cerebral glioma. The average age
at diagnosis of MB is 13 years, with a peak incidence in children aged 2 to 7 years, being this tumor very rare in
the adult population (over 21 years of age)'®®. The annual incidence is estimated at 0.5 per 100,000 children
under 15 years of age'®®. Symptoms include loss of balance, lack of coordination, diplopia, dysarthria, and, due
to the involvement of the fourth ventricle (for which obstructive hydrocephalus is common), the signs of
hydrocephalus, including headache, nausea, vomiting, and unstable gait3**4. MB is a heterogeneous disease with
four distinct molecular subgroups#¢24: WNT, SHH, group 3, and group 4, which are generally linked to specific
histological features. Table 1 correlates genetic subtypes, histology and localization details, characteristics that

have implications for prognosis and treatment of MB2%,

Table 1.- Genetic classification of Medulloblastoma subtypes

Tumor subtype Histology features Localization Prognosis
WNT Classic type Cerebella peduncle Good
SHH Desmoplastic type Rostral hemispheres Good

Group 3 LCA type Midline Poor
Group 4 Classic type Midline Poor

The prognosis of MB disease is generally favorable, however in 30% of cases, the tumor is subject to relapses
and often proceed in metastases, which involves the subarachnoid space of brain and spinal cord and, even if
rare, also in the liver, bone marrow and lungs??. Relapses, occurring in almost one third of the patients, are
considered mostly incurable, hence leading to fatality in the majority of cases''>?*, A consensus among
researchers suggests that the root cause of tumor relapse is the presence of CSCs*¢1%2¢ which possess an
inherent strategic ability to evade the effects of chemo- and radio-therapy, allowing them to repopulate and
revitalize the tumor at later stages. This hypothesis is further supported by the notion that MB originates from
neural progenitors that failed the neuronal lineage commitment and remain in a pluripotent state'”#'?°, Yang
et al.3?® provided one of the first evidence that MB resulted from mutations in the SHH pathway in neuronal
stem cells. Interestingly, they also showed that when the altered commitment involved the stem cells, the
resulting tumors were more aggressive. In a recent study, Hendrikse et al.'? established a connection between
the emergence of MB-group 4 and the CBFA complex, which is expressed early in neural progenitor cells of the
RL, preventing their maturation. Through OTX2 depletion, they were able to reverse this developmental arrest.
The unique developmental characteristics of the RL in humans and its high susceptibility to altered progenitor

cell fate contribute to a potential explanation for the increased human predisposition to MB.
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Modeling the MB biology

The increasing categorization of MBs into subgroups underscores the necessity for the creation of precise
models that faithfully replicate each subgroup. This is essential for the effective utilization of these models in
preclinical studies. Mouse models and cell lines aid in studying MB onset and mechanisms. Current models used
in MB research studies were meticulously reviewed by Roussel et al.2°, Here are reported the general categories,
with pros and cons.

In vitro models: cell lines (i.e. DAQY) or patients-derived (PD) cells. Despite their ease of cultivation and
common use in preclinical drug testing, recent molecular analysis reveals that established human tumor lines
do not always accurately represent primary tumors due to the acquirement of mutations or loss of genetic
material?®. Moreover, PD cells were reported to be difficult to generate stable lines or even maintain their
intrinsic subtype-specific signaling signature when cultured?®. Moreover, primary tumor cell lines generated
from surgically removed tumors represents the final stage of tumor development, characterized by transformed
cells and accumulated genetic rearrangements?.

In vivo models: mice are the most used animal models. The induction of MB tumor can be achieved by 3 main
approaches: i) Mice carrying genetic mutations involving the different regulatory pathways known for MB
disease, meaning SHH722, the WNT¥, Group 3?°> and Group 4%’; ii) Implantation of cells harboring a MB-
inducing mutations mice cortex or cerebellum. The engraftment can be syngeneic or xenogeneic, depending on
the type of cells used. For example, Huang et al.**¢ reprogrammed human Induced Pluripotent Stem cells (human
iPSCs)-derived NEC to reproduce the Group-3 MB subtype. Engraftment location can be orthotopic or
heterotopic (as the engraftment in the flank*, one gold standard in cancer research); iii) PD-orthotopic
xenografts were specifically developed to mirror the TME of human MB, a feature otherwise absent in the other
in vivo alternatives above-mentioned??). Following the initial processing of the tumor sample, there are no
intermediary in vitro stages, eliminating artifacts or genetic drift that may occur during cell culture.

Specific genetic models are useful for targeted therapies, while syngeneic orthotopic models are invaluable for
exploring the immune landscape®®. The increasing implementation of Patient Derived Orthotopic Xenografts
(PDOXs) in preclinical testing reflects the limitations of cell lines in accurately mirroring primary MB tumors.
The focus of preclinical MB research was first performed on the SHH and Group 3 subgroups, driven by the
need for improved therapies in these high-risk groups. Several drugs and small molecules have shown efficacy
in suppressing MB in mouse models; however, most studies have employed established cell lines and flank-
model tumors. Crucially, in xenogeneic engraftments, the inclusion of biological material from a distinct
individual necessitates the utilization of immune-deficient animals, thereby excluding the influence of the
immune system in the studies. Moreover, surpassing the blood-brain and blood-tumor barriers still poses
significant challenges, limiting the number of drugs effectively available for treating MB patients. Hence, there

is the urgent need for better preclinical models of human MB.

Treatment of Medulloblastoma
In most cases, the disease is responsive to existing therapies. A systematic overview of the current therapies is

recapitulated in the review of Prados et al.?%3, It has been described that, the most common therapy in clinical
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practice is the surgical resection of the tumor mass followed by radio-chemotherapy regimens. However,
treatments often lead to impairment of the cognitive-affective behaviours, with several deficits that concerns
the expressive language and word-finding ability, emotional apathy, visual-spatial function and memory?*>%7,
Immune modulation, particularly in the context of challenging-to-treat relapses, remains under investigation in
MB, encompassing the exploration of use of chimeric antigen receptor (CAR)-T cells strategy, oncolytic viruses
and vaccines. Targets of these approaches are predominantly membrane receptors or typical components of
tumorigenic cells (i.e. HER2, B7-H3, EPHA2, GD2), or cytokines produced by Immune cells (such as Interleukin
13)#3, The use of small molecules against the cancer thread is giving encouraging answers'¢%18308 However,
hereby quote prof. Prados, to highlight the fact that there is a pressing demand to discover and apply new
techniques and approaches in cancer research:

“[...] A “one size fits all” approach is no longer relevant given the degree of biologic differences that exist with
subgroups and clearly within individual patients. A major challenge going forward is to optimize the use of clinical

trial designs that take into account both the rarity and heterogeneity found in relapsed disease”.

To best of our knowledge, there are no active clinical trials investigating the use of miRNA-based therapies for
MB patients®?. Injecting Locked Nucleic Acid (LNA) antimiRs into the bloodstream that specifically target
miRNAs from the miRNA-17 - 92 cluster was shown to reduces tumor growth in syngeneic mouse models of
SHH-subtype of MB#3, Xenotransplant mouse models treated with nanoparticle-conjugated miR-192 mimic
resulted in a significant reduction in the number of metastatic lesions and improvement in survival®.
Restoration of the downregulation of miR-34 and miR-124, two miRNAs commonly suppressed in MB, holds
promise for miRNA-based treatments, as shown in engrafted animals with MB cell lines?33283% Pannuru et al.?*2
showed how targeting chemoresistance-associated miRNAs could restore the sensitivity of MB cells to
therapeutic agents. As one prevalent challenge for MB is drug-resistance induced by chemotherapeutic
agents®224 co-delivering of miRNA mimics or antimiRs with chemotherapeutic agents could offer novel hope
for treating hard-to-manage MB cases. Further preclinical trials are necessary to confirm the feasibility of
employing miRNA mimics to treat MB. However, similar approach are now under preclinical studies to evaluate
the potential of miR-124 nanoparticles in Parkinson's disease and prostate cancer models?3?7°, catalyzing more

interest in new paradigms for therapies, with miRNAs emerging as a promising therapeutic target.
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CHAPTER 2 Rationale and Aims

The validity of better preclinical cancer models remains a recurring concern, especially when translating basic

I»

findings to human therapy. The definition of “model” per se implies the feasibility to accurately replicate human
disease conditions, which is crucial for inferring treatment efficacy and safeness. Only 8% of tested drugs
reaches the patients, and the most ineffective route connecting research to clinical therapies is the one covered
by oncological treatments'®®18212 The |ow success rate of translating animal studies to human therapies
highlights the limitations of models in accurately mimicking human diseases. While 2D cell culture models can
shed light on cellular mechanisms, they fail to replicate the complex molecular patterning and the interactions
between cell types and their microenvironment®%188260 Therefore, 3D cell cultures have been employed to
address this limitation (i.e. organoids, assembloids, organ-on-a-chip). Despite their real-time readout and
imaging capabilities, these devices fail to reproduce vascularization and immune system commitment
consistently with their natural counterpart!®333%_|ndeed, such miniaturized devices sure lack the complexity
for predictive applications, highlighting the still reductive nature of these methods3*. On the other side, animal
models for MB research offer an answer to these limitations, aspiring to simulate a more realistic and
comprehensive system, but this endeavor requires compromising the immune system of the receiving host. A
full complete immune system is of tremendous necessity for deeply understanding cancer development and
progression®, Indeed, the absence or suppression of the immune system in many in vivo preclinical studies has
led to severe immune responses and incomplete outcomes®. The first immunocompetent xenotransplantation
in mouse brain reported (as far as our knowledge) has been presented by our lab in the work of Hoffman et al.1*?,
describing the xenotransplantation of human Glioblastoma cells in mouse brain. The prevailing hypothesis
stating that MB has origin from faulty neural progenitor cell development in the hindbrain has gained extensive
support, implying that its actual origin lies principally during embryonic development. Therefore, preserving this
scheme of tumor origin is essential to reconstruct its genesis more accurately. For the reasons presented above,
the first aim of this study is the generation and characterization of an orthotopic xenotransplantation model

for MB in brain of immune-competent mice.

The profound impact of miRNAs on cancer biology has been widely reported over the last two
decades®®119305263108 Qne of the main aspects of this influence involves the maintenance of miRNA-mediated
regulatory mechanisms that preserve specific features enabling a subpopulation of cells to remain in an
undifferentiated, quiescent state. The theory supporting this phenomenon is directly related to the existence
of the CSC population?*2%1, |n the scenario of MB, this implies that cells retain their stem-like properties,
exhibiting a progenitor-like profile. miRNAs have been demonstrated to either sustain this process or reverse
it, inducing differentiation and resulting in decreased proliferation, tumor volume downsize, and the reduction
of tumorigenic and metastatic capabilities3#43%.

Our laboratory found a particular combination of different miRNAs able to induce the neuronal differentiation

of mouse Neural progenitor cells?*2. Based on the correlations between neural progenitors and MB cells, it is
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possible to hypothesize the use of the 11 miRNAs as saboteur of the proliferative and tumorigenic phenotype
to contrast the MB malignancy. However, to identify and test therapeutic targets against MB, we need to
develop models that mimic the initiation and progression of the disease. Attempts to overcome this challenge
resulted in the use of PD cells, but these strategies had reached a partial success as cell lines isolated from tumor
resections represent the final stage of the tumor development, encompassing transformed cells that
accumulated genetic alterations®3. While miRNAs exhibit high conservation?!02315¢ direct evidence of the
neuronal differentiation-inducing effect of the 11 miRNAs combination remains lacking in the human context.
To effectively translate this approach to human MB, is urgent to have an experimental system that resembles
the one employed in the previous study. Human iPSCs, characterized by minimal genetic modifications
compared to tumor cells, can be considered a valuable platform for conducting the required initial assessment.
By inducing the human iPSCs to a neural progenitor identity, we could recreate the cellular environment that is
thought to initiate MB formation, allowing to study the human Neural Progenitor Cells (WNPC) response to the
pool of 11 miRNAs. For the reasons presented above, the second aims of this study are the: evaluation of the
ability of a pool of 11 miRNAs to induce pro-neuronal differentiation in human iPSCs; and the in vivo

validation of the effect of a poo/ of 11 miRNAs in MB engraftments.
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CHAPTER3 Results

An orthotopic xenotransplantation model of MB in an immuno-competent
embryonic mouse

A fundamental limitation of human tumor engraftment models is the requirement of immune-suppressed mice.
This minimal presence of tumor-host immune system interaction can result in histopathological results that
differ significantly from that naturally occurring in human tumors. Syngeneic models present an alternative
approach, but their inability to study therapies for human-specific tumors due to their identical origin to the
host limits their applicability both on embryonic and adult mouse brain tumor models. In fact, the immune
response via innate pathway is already active during embryonic development of the mice, contrary to the
adaptive one?*®®>, Therefore, we proposed the employment of the embryonic immune-privileged time frame
which allows the injection of human MB cells in mice brains while maintaining their wild-type (wt) immune

background.

Human MB cells engraft and give rise to tumor-like masses wild type embryonic mouse brain

To evaluate the engraftment of MB tumor initiation in immunocompetent mice, we aimed to determine if the
presence of a human MB cell line could be observed at various time points during developmental stages pre-
and post-natal. In the model established by Hoffman et al.®3, the peak of tumor growth occurred at the
developmental post-natal day 7 (P7). Reinforced by the principal aim to study infant brain tumor engraftment,
we consequently selected our final time point to coincide with the predicted period of maximum growth and
tumorigenic potential. DAQY cell line, a commercially available and commonly used desmoplastic MB line
isolated from a 4 years-old Caucasian male!*, was first transduced with a lentivirus harboring the mCherry
fluorescent protein under the control of the human promoter Elongation Factor 1a (EF-1a) promoter, to enable
the rapid identification of the engrafted cells in the host. Single-cell suspension of 50.000 DAQOY mCherry* cells
were injected into the lateral ventricle (LV) of immune-competent mouse brains at embryonic stage 14.5 (E14.5)
following an in utero procedure (Figure 3.1 - A). The survival rate of embryos undergoing the in utero surgery
was around the 90%, as expected for this procedure?>32, To estimate the effectiveness of the in utero
transplantation, we checked at different time points the number of pups that presented red fluorescent masses
in the brain, as a positive indication of DAOY mCherry* cells, therefore indicating the engraftment of tumor
cells. Analysis at E18.5, P2 and P7 of the animals that survived the procedure showed that almost the totality of
brains was positive for tumor xeno-engraftment (TX) at all stages analyzed (Figure 3.1 - B), confirming the
success of the in utero engraftment. Hence, wt mice were confirmed to immune-tolerate the external source of
the implanted cells, allowing the maintenance of the engraftments at least up to 14 days after the surgical
procedure. Tumors displayed the ability to grow over time within the host tissue, as qualitatively observed, and
did not show a specific preference for engraftment within the host brain (Figure 3.1 - C). This observation was

confirmed by positive staining for the Ki67 proliferation marker (Figure 3.1 - D). Human nuclei from both E18.5
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and P7 explants exhibited a high proliferative state, supporting the conclusion that the TXs retain a tumorigenic
capacity, resulting in the growth of tumor masses.

Previous studies have shown fusion events between the transplanted embryonic human neural stem cells and
neurons of the host*°, which resulted in the exchange of genetic material between donor and host cells. While
the phenomenon of cell-fusion is recognized, explanations regarding its significance and potential implications
are still unknown. To assess whether the transplanted DAQY cells in the embryonic mouse underwent cell-
fusion events with the host cells, immunohistochemical analysis with a Human-specific nuclei (HuNu) antibody
was performed. Brain slices from the harvested brains were examined for their intrinsic mCherry fluorescence
and analyzed for the immunoreactivity to HuNu antigen. As shown in Figure 3.2 - A. DAOY mCherry* cells
maintain their human identity, as all the human nuclei within the region marked by the red fluorescent signal
being co-stained with HuNu signal. Huang and colleagues®¢ reported that the species-specific morphological
features of human nuclei can be used to distinguish human from the mouse’s cells. Indeed, HuNu* nuclei are not
enriched in nucleoli, whereas mouse nuclei show several nucleoli (Figure 3.2 - B). This, using the coexisting
presence of the mCherry signal, eliminated the need to include the discriminative HuNu signal in the subsequent
analysis. Together, these observations indicate that human MB cell line engrafts and grow over time in brain of
immune-competent mouse embryos, which shows that the presented model can be suitable to study infant

brain tumors behaviour in an immune-competent brain TME.
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Figure 3.1 - Human MB integrate in brains of wt mice and maintain tumorigenic proliferation. (A) Experimental procedure. Human MB cells
are plated 4 days before the in utero transplantation. Single cell suspension is injected in the later ventricle (LV) of E14.5 embryos. (B) Percentage
of brains showing tumor xenotransplant (TX) over the total litter. Sample size per each time point is reported at the top of the histogram bar. (C)
E18.5, P2, P7 mice brains in dorsal view (c’), red arrows indicated the TX (white spots); (c”) immunofluorescence of a cryosection in transversal
plane or coronal plane (c’”) at the indicated ages, composed by mCherry’ cells; in (c”) the white arrows indicate the TX. Scale bar: 500um. (D)
Immunofluorescence images of cryosections in coronal plane at the indicated ages, showing proliferating cells (Ki67, white) within the tumor. Blue:
nuclei (Hoechst), red: TX (mCherry), white (Ki67). Scale bar: 50um. Dashed lines indicate tumors borders.
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Figure 3.2 - Tumor xenografts retain their human identity upon engraftment. Immunofluorescence images of cryosections in coronal plane of
P7 mouse. (A) Nuclei (blue) within the TX (red) overlapping with Human Nuclei (HuNu) marker. Scale bar: 200um. In (B) magnification of
morphological characteristics distinguishing human (red arrows) and mouse (vellow arrows) nuclei. (B” and B*) Human nuclei co-stain mCherry
signal of the TX. Scale bar: 20um. Dashed lines indicate the tumor borders.

Engrafted MB cells form a functional TME

Given the observed growth trend, which is in line with existing literature, we focused our attention on the two
developmental stages E18.5 and P7, to characterize the features of tumor progression over time.

The presence of functional blood vessels surrounding the tumor plays a crucial role in all the stages of tumor
formation, e.g. engraftment, proliferation, metastatic activity, and resilience, due to their active character on
exchange of oxygen and nutrients, removal of CO2 and metabolic wastes®3*°, The proper formation of the blood
vessels is, therefore, an important component that enables the analysis of the ongoing tumor behaviour.
Located inside the patient skull, tumor core and metastatic areas are accessible to the pharmacological drugs
depending on the local permeability, being selective or not, of the angiogenic structures, either neo-formed or
re-designed. Also, the angiogenic degree of brain tumors is a signature of their grade of malignancy. For these
reasons, it is crucial to characterize tumor and TME blood vessels content and structure. To verify whether our
model exhibits angiogenesis, we investigated the presence of specific proteins associated with a functional
vascular system. VEGF, a family of secreted glycoproteins, has been associated with an increased tumor
microvessel density, leading to a higher risk of recurrence and a poor prognosis®77.2%4, Cluster of differentiation
31 (CD31), also known as Platelet Endothelial Cell Adhesion Molecule (PECAM-1), is constitutively expressed
by the endothelial cells. This marker indicates vascular formation?!® and is often found in solid tumors?®. In the
TXs of MB, presence of these markers was examined using immunofluorescence, and positivity was observed
in both E18.5 and P7 mice (Figure 3.3 - A and Figure 3.3 - B), indicating that TXs establish vascular connections
with the host tissue. By comparing the expression of the two markers over time, at E18.5 the expression of
CD31 was more well-defined in the periphery and spread in the internal part of the mass in later stages of P7

mice (Figure 3.3 — B). Furthermore, the vessels within the mCherry* region exhibit enlarged diameters, a
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characteristic feature of brain tumors and considered a hallmark of angiogenic vessels!?#67155, As demonstrated
by others®, brain orthotopic xenotransplants revealed that CSCs exploit vascular niches enriched with secreted
factors from endothelial cells, which aid in maintaining the stem cell-like state of tumor cells. We hypothesize
that this phenotype could represent a strategy for tumor cells to remain inside niches that promote quiescence,
serving as a reservoir for tumor repopulation and/or metastasis within the host. Our finding aligns with previous
research and presents an intriguing avenue for further exploration of this phenomenon in a model possessing
an unaltered immune system at both brain- and systemic- level. In line with those results, we found
colocalization of the human-specific neural progenitor marker Nestin with CD31 in TXs of P7 mice (Figure 3.3
- C), indicating a close interplay between bona fide CSCs and endothelial cells.

Another important feature of the brain’s vasculature is the BBB. Claudin-5 is the most abundant tight junction
protein that actively contributes in a significant manner to the selective permeability of the BBB, acting as a
gatekeeper in brain endothelial cells. Moreover, laminin, a critical component of the basement membrane!?,
plays a substantial role in modulating BBB function since all the different isoform of laminin regulate the distinct
cellular processes and signaling pathways within the neurovascular unit332 Previous studies have demonstrated
a major disorganization in laminin net within tumor tissue compared to healthy tissue®*3°, Therefore, laminin
organization was investigated in E18.5 and P7 slices collected from TX* brains. Laminin is present within the
tumor mass as early as E18.5 (Figure 3.4 — A) exhibiting a mildly disorganized appearance close to tumors. The
most striking observation is the directional invasion of blood vessels from the surrounding tissue inward the
tumor, clearly traversing tumor boundaries, as shown in Figure 3.4 - B and magnification Figure 3.4 - b’. These
observations suggest the possibility of vessel co-option, a non-angiogenic mechanism of tumor vascularization
where cancer cells utilize pre-existing blood vessels instead of inducing new blood vessel formation.
Immunoreactivity for Claudin-5, a marker of endothelial tight junctions, was observed in peritumoral vessels
within the brain parenchyma (Figure 3.4 — A). Dense vascularized structures were also prominently visible at
the boundaries of the ventricle (Figure 3.4 - C). Co-staining of Laminin and Claudin-5 indicates maturity of the
vasculature, as the presence of the basal lamina is needed to exert the homeostatic properties of BBB*213, while
presence of Claudin-5 marks functional vessels, thus confirming that the vasculature surrounding the TME is
functional. This observation supports the occurrence of angiogenesis.

Our findings demonstrate that the TXs are integrated into the host's blood vessel network as early as 4 days
post transplantation, and they are enveloped by a functional BBB. The intratumoral vasculature seems likely to
originate by both co-option and angiogenesis, as evidenced by the robust VEGF expression within the mCherry*
area. Further studies are needed to investigate whether the localized expression of Claudin-5 and VEGF
contributes to the structural aspects of tumor growth and infiltration. Additionally, elucidating their impact on
vascular permeability is essential. The presence of Nestin® stem cells further highlights the model's ability to
mimic a CSC niche, emphasizing the intriguing potential of this model for future studies. Even if only qualitative
analysis were performed, these results show that the CSCs are seamlessly connected to the host's blood vessel

network, which is the same as saying to the functional BBB.
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Together, these findings demonstrate that tumor engraftment recapitulates MB-typical behaviour through the
development of a functional vasculature, paving the way for novel approaches in investigating the TME specific

of human MB in an immunocompetent mouse model.
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Figure 3.3 - Functional TME surrounding the TX support perivascular CSCs niches. Immunofluorescence images of cryosections in coronal plane
at the indicated ages. (A) VEGF (white) is highly present within the TX (red) of E18.5 mice and maintained in P7 animals. Scale bar: 100um. (B) At
E18.5 marker for endothelial cells (CD31 - green) are predominantly at the periphery of the TX, while diffuses within the mass in P7 animals. Scale
bar: 100um. (C) Increased vessel dimensions in P7 animals showing signal overlap with human-specific marker of neural stem cells Nestin (red) as
indicated by white arrows. Scale bar: 100um. Dashed lines indicate tumors borders.
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Figure 3.4 - Mature vasculature develops within engrafted MB tumors, contributing to the formation of a functional BBB.
Immunofluorescence images of cryosections in coronal plane. (A and B) Laminin (white) and Claudin-5 (green) signal of both E18.5 and P7 mice
brains demonstrate higher density and disorganized assembly within the TX (red) when compared to the host tissue surrounding the tumor (red
arrows). Scale bar: 100um (A and B). (b’ - yellow box) High magnification of vessels co-stained by laminin and Claudin-5 crossing tumor borders
in P7 brain (vellow arrows); (b” - light blue box) Detail of low vascular organization within the TX. Blue: nuclei (Hoechst), red: TX (mCherry), green:
Claudin-5, white: laminin. Scale bar: 200um (b’ and b”). (C’) Immunoreactivity of laminin and Claudin-5 defining dense association with TX on the
LV borders of P7 brain. Scale bar: 100um. (C”) Increased vessel dimension is visible also in smaller tumors. Blue: nuclei (Hoechst), red: TX (mCherry),
white: Claudin-5/laminin. Scale bar: 100um. Dashed lines indicate tumors borders.
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Human TXs are surrounded and infiltrated by the host immune cells

Within the tumor-infiltrating cells of the tumor, the predominant population comprises microglia (MG) and
macrophages (making up to 30% of the tumor mass)?”>. These cells are known to directly degrade the
extracellular matrix (ECM), and modulate the immune-response of the non-neoplastic tissue, facilitating tumor
expansion?2%.27_ Also in the case of MBs, tissue-resident MG and tumor-associated macrophages (TAMs)
constitute the most represented tumor-infiltrating cell population. It was demonstrated that TAMs can
promote tumor growth by suppressing T-cell activity, stimulating angiogenesis, and establishing
immunosuppressive TME through the production of growth factors, cytokines, and chemokines?. In the
particular case of SHH-MB tumors, TAMs play a crucial role, as gene expression profiling showed increased
infiltration of these immune cells compared to other MB subgroups'®®. The non-specific response (which
includes also the MG) is already functional at E18.51%2%°, Therefore, | aimed to investigate the involvement of
MG (and other TAMs populations) in the TXs. To perform these analysis, immunostaining of ionized calcium-
binding adapter molecule 1 (IBA1) was valuated over time. At E18.5, IBA1" cells were randomly distributed
within the tumor region (Figure 3.5 - A’). Double-staining with CD68 (a marker for macrophages and activated
MG when co-localized with IBA13%”) showed positive immunoreactivity only in cells located away from the
tumor margins (Figure 3.5 - A’). In contrast, at P7, activated MG cells were present both in surrounding areas
and within the tumor mass (Figure 3.5 - A’), indicating a dynamic colonization of the tumor by the innate
immune cells. Interestingly, while MG surrounding the tumor at P7 exhibited a ramified, active
morphology®1%23307 double positive IBA*/CD68" cells located distant from the tumor in E18.5 brains displayed
an amoeboid shape, visible in Figure 3.5 — B. This amoeboid morphology could be indicative of macrophages or
microglia in a "reactive" state, potentially associated with a response to stress conditions such as infections or
pathological conditions?*33%7, However, the amoeboid morphology is not associated with phagocytic activity?.
Consistent with these findings, qualitative observations in areas distant from the TX or adjacent to the tumor
(Figure 3.5 - B) were compared within the same brain slice, revealing that the regions outside the tumors lack
the ramified morphology observed for IBA17CD68* cells close to the TX, exhibiting instead the amoeboid
observed in E18.5 mice. Co-localization of IBA1*/CD68" cells with mCherry* signal, in some observed events,
suggests the presence of phagocytic activity directed towards tumor cells (Figure 3.5 - C). Furthermore, this
hint gains relevance by the presence of observed disrupted mCherry* nuclei, which is consistent with the
phagocytic activity of MG/TAM cells (for a reference figure, please refer to Fig.4 of Zhao et al., 20163%%).
Together these findings demonstrate the presence of competent TAMs, including bona fide tissue-resident
microglia, capable of recognition, migration, and phagocytic activity of MB cells of the TX. While IBA-1 and
CD68 are not entirely capable of distinguishing between the various TAM populations (i.e. microglia and
macrophages)??, the use of microglia-specific markers, such as TMEM-119331%7 atype | transmembrane protein
specifically expressed by resident microglia, but not by blood-born macrophages, could be employed to elucidate
the relative contributions of microglia versus macrophage-derived populations. The implementation of the
presented model could potentially elucidate the mechanisms governing the interactions between TAM

subpopulations and brain cancers®>?.
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Figure 3.5 - TAMs are present and functional in the TME of TXs. Immunofluorescence images of cryosections in coronal plane. (A” and A”) In
E18.5 embryos, TAMs marker IBA1 (green) is already present, but IBA1" cells show lower levels of the marker of activation CD68 (red) compared
to the TME of P7 mice (A”), confirmed also by typical morphology of activation. Scale bar: 50um (A’and A”). (B) P7 brain slice showing IBA/CD68*
cells not in close proximity to the tumor displaying an amoeboid shape (yvellow arrows, magnification box), while expressing an activated
morphology when adjacent to the TX (red arrows, magnification box). Blue: nuclei (Hoechst), white: TX (mCherry), green: IBA-1, red: CD68. Scale
bar: 100um. (C) Active IBA1/CD68 double-positive cells colocalize with mCherry signal where small nuclei debris are found, indicating phagocytosis
activity (white arrows in low magnification and red arrows in higher magnification). Scale bar: 20um. Dashed lines indicate tumors borders.
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Validation of the neuron-like differentiation induced by a poo/ of 11 miRNAs in
human cells

The previous work from our laboratory demonstrated that a poo/ of 11 miRNAs upregulated during early stages
of adult neurogenesis was necessary and sufficient to sustain the neuronal fate of adult neural stem cells at the
expense of astrogliogenesis?*. Individual administration of the miRNAs composing the pool was ineffective,
indicating that the presence of all the 11 miRNAs were necessary to support the pro-neural role of the miRNA
pool. Interestingly, 9 of the miRNAs have never been reported for their relevance in mouse neurogenesis.

Although the miRNA composing the mentioned pool are conserved in human species?%2°31%, the proof that the
same effect is exerted also in human progenitors have never been demonstrated. To validate this, the poo/ of 11

miRNAs was transfected in an episomal line of human iPSCs.

Validation of the pro-neural functions of 11 miRNAs in human iPSC-derived Neural Progenitor

To define an experimental setting that could be used to evaluate the pro-neural functions of the 11 miRNAs in
a reproducible manner, a “zero-footprint” (viral-integration-free) iPSC line was used and differentiated using
minimally defined media and manufacturers’ protocol. Cells were first characterized to assess the baseline of
the neuronal differentiation performance.

Originally starting with 4 x 10® iPSCs in one well of a six-well microplate, the first phase of differentiation as
described in Figure 3.6 - A provided approximately 3.3 x 10 human Neural Progenitor Cells (NPCs). During the
single-cell differentiation phase, the doubling time of human NPCs cells was maintained around 50 hours, with
a slight decrease during the 2" passage (Figure 3.6 - B and Figure 3.6 — C), possibly due to the neural selection
occurring during the differentiation. The viability of cells followed the same tendency. In order to confirm the
NPCs character, human cells were analyzed by immunofluorescence microscopy (Figure 3.6 - E) using Nestin,
Pax6 and Sox2 antibodies. The intermediate filament Nestin is known to be expressed in dividing precursor cells
of the NS and its detection was consistent with its characteristic cytoplasmic staining in almost all the cells
(Figure 3.6 — E). Pax6 coordinates neurogenesis and proliferation. All the human NPCs in Figure 3.6 - E were
Pax6 positive. In agreement with previous reports, Pax6 was mostly observed within the nuclei of the human
NPCs. Moreover, the expanded human NPCs retained their characteristic neural rosette morphology during the
neuronal induction (Figure 3.6 - E). Cells were further differentiated to a Forebrain Neuronal Fate, to address
the functional differentiation potential.

During the differentiation of human NPCs, reduction in growth rate was observed, likely due to the occurrence
of differentiation-induced programmed cell death. Cells were maintained in neuronal maturation medium for
up to 70 days of differentiation (DIF 70). In Figure 3.6 — D are reported representative images of cells during
differentiation. Immunocytochemistry for neuronal markers was performed at DIF28, DIF45, and DIF70. Figure
3.6 - E reports the validation of the differentiation through Immunocytochemistry, by using typical neuronal
differentiation antibodies (doublecortin - DCX, neuron-specific class Il beta-tubulin - Tujl, neuronal nuclear

protein — NeuN).
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Figure 3.6 - Human iPSCs Neuronal Differentiation and Characterization. (A) Schematic representation of the differentiation protocol. (B)
Growth rate (u) of differentiation hIPS (hNECs) at the indicated days of differentiation. (C) Summary table of cell biological characteristics during
differentiation. (D) Representative images of human iPSC during distinct stages of neuronal differentiation protocol. Below: magnification 10x,
above: magnification 20x. (E) Immunofluorescence images of human iPSC for different differentiation markers during the indicated DIF (above).
Scale bar: 20um. human iPSC: human Induced Pluripotent Stem cells, (NEC: human Neural Epithelial Cells, \NPC: human Neural Progenitor Cells,
hNeurons: human Neurons, NIM: Neural Induction Medium, FDM: Forebrain Differentiation Medium, FMM: Forebrain Maturation Medium, NPM:
Neural Proliferation Medium, DIF: day of differentiation, hrs: hours.

The extension of neurites is a fundamental process in neuronal differentiation, serving as the primary factor
required for the generation of both axons and dendrites?274301, This feature is also used as a phenotypic assay
in pharmaceutical screening, due to its time-effectiveness and clear-cut results!®>. The phenotypic “Neurite
Outgrowth assay” was therefore chosen to study the impact of the 11 miRNAs on human NPCs in a live-cell
imaging system.

To better follow the dynamics of neurites upon differentiation, human iPSCs-induced NPCs were transduced

with a lentivirus harboring mCherry fluorescent protein under the constitutive EF1la. Cells were followed for 3
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passages after the transduction, demonstrating no substantial difference in cell morphology or viability
compared to the wt cells (Figure 3.7 - B). To identify the most effective miRNA transfection method, cells were
initially evaluated using the SiGLO Green transfection indicator that localizes to the nucleus and emits at
Amax=520nm. Green fluorescent signal was observed upon transfection with two different lipid-based
transfection reagents, Lipofectamine 2000 and Lipofectamine Stem, 48 hours after the transfection.
Quantification of the transfection efficiency reported a better performance for the Lipofectamine 2000 agent
(75.5% SEM+8.8 against 55.7% SEM=7.4) (Figure 3.7 - C”).

Next, human NPCs were transfected with synthetic mimics of the 11miRNAs poo/ at a final concentration of
250nM of mimics transfected. After 5 hours, the medium was replaced with the Forebrain Differentiation
Medium (FDM) to induce differentiation of human NPCs as previously shown for mouse NPCs in the work by
Pons-Espinal et al.?*2. The neurite extension and the number of branch points were followed from 24 hours p.t.
up to 6 days, corresponding to 144 hours - 168 hours pt. Comparison with the scramble (biological ineffective
RNA) control, the total neurite length and number of branch points showed a clear positive trend (Figure 3.7 -
D). The average number of branch points for the scramble was 0.6 + SEM 0.4 at time point 0 and increased to
1.1 + SEM 0.7. The 11 miRNA-treated cells presented a mean initial number of branch points of 1.0 + SEM 0.3
reaching the value of 2.0 + SEM 0.6 at the end of the experiment, suggesting no effect on the rate of neurite
emission. However, the number of branch points was twice that of the scramble control at the baseline. This
suggests that miRNA administration may lead to an increase in the number of emission cones within the first
24 hours. Supporting this hypothesis, neurite elongation, measured as the sum of the total length in the
measured area, exhibited a significantly higher average upon pool/ transfection, compared to the scramble
control (Figure 3.7 - D), reaching approximately four times the initial length (from 270.6 mm + SEM 12.4 to
801.1 mm = SEM 0.4). Scramble samples only doubled their length (128.3 mm + SEM 89.4 reaching 283.5 mm +
SEM 224.3). These results confirm that the poo/ of the 11 miRNAs retain a pro-neural function as indicated by
the neurite outgrowth assay. Because the transfection protocol differs from the standard neuronal
differentiation protocols (see Figure 3.6 — A and Figure 3.7 - A) and neuronal differentiation is a sensitive process
which critically depends on cell seeding density and adherence to established procedures*1¢ (and author’s
personal experience) possibly leading to heterogeneous results, | also investigated whether the effect of
miRNAs could also be observed specifically in Neural Proliferation Medium (NPM). Human NPCs were treated
with 11 miRNAs pool [250nM] or scramble [250nM] and after 5 hours, maintained in NPM. After 24 hours from
the transfection, the number of branch points for the scramble was 0.5 + SEM 0.4 and 1.0 + SEM 0.4 for the pool,
replicating the same outcomes observed for FDM (Figure 3.7 — D). Interestingly, by the end of acquisition, the
scramble condition reached an average number of branch points of 0.9 + SEM 0.6 whereas miRNAs-treated
hNPCs exhibited around a 2.5-fold increase (2.6 + SEM 1.5). Regarding the second parameter, the neurite length
extended in the same fashion observed for the NPM (time point 0, poo/ 270.5 mm + SEM 78.6, scramble 115.2
mm + SEM 92.5; after 144 hours, poo/ 930.4 mm = SEM 287.8, scramble 208.9 mm + SEM 161.7). In sum,
irrespectively from culture conditions, the pool strongly impaired cell growth (Figure 3.7 - E” and Figure 3.7 -

E”), compared to scramble transfection, possibly due to the induced differentiation.
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Collectively, these experiments suggest potential pro-neural effects of the 11 miRNAs in human NPCs,
confirming previous observation in mouse cells. It is intriguing that the 11 miRNAs pool/ elicited similar effects
on cells plated in presence of forebrain differentiation medium or neural proliferation medium, suggesting the
11 miRNAs could be used as a strategy to induce differentiation. Confirming this observation would mark the
first demonstration in a human context that a combination of miRNAs is sufficient to bypass the need for

specific differentiation factors.
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Figure 3.7 - The effect of the pool of 11 miRNAs in human iPSCs correlates with a pro-neural differentiation phenotype observed in mouse
cells. (A) Schematic representation of the differentiation protocol. (B’) FACS sorting gate of hNPC transduced with a lentivirus harboring EF1a-
mCherry; on the right, a representative image of sorted mCherry’-hNPCs is reported (above: red epifluorescence, below: brightfield). (B”) Table
with growth and viability values for 3 passages of mCherry’-hNPCs after cell sorting. Scale bar: 100um (C’) Immunofluorescence images of
mCherry*-hNPCs upon transfection with 250nM SiGlo (green) using Lipofectamine 2000. (C”) Number of green fluorescence-positive nuclei over
the total nuclei (Hoechst, blue) after transfection with Lipofectamine 2000 (lipo2000; n=3) or Lipofectamine Stem (lipoSTEM; n=3). Scale bar:
100um (D’ and D) Cumulative curve normalized on cell area (area of the acquisition field occupied by cells) of the number of branch points (D’)
and neurite length (D”) for mCherry’-hNPCs plated in FDM (left graphs) or NPM (right graphs); the respective growth curves are reported for
FDM (E’) or NPM (E”). Light blue: pool, yellow: scramble. n = 2 wells.

Data are represented as mean + SEM.
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Application of the in-utero MB model to assess the therapeutic efficacy of a poo/

of 11 miRNAs

The experimental findings hinted at the potential pro-neurogenic effect of the 11 miRNAs pool, prompting the
hypothesis of utilizing the pool/ to induce differentiation of the abnormally de-differentiated population
identified in MB. The pro-neural differentiation effect of the poo/ was further studied in DAQY cells, a human
cell line model of SHH-subtype of MB. In vitro experiments were conducted in our laboratory to characterize
the effects of the pool in this cellular system. For more details, please refer to Annex I. In brief, transfection with
the 11 miRNAs poo/ in DAOY cells triggered a differentiation-like response, characterized by reduced
proliferation and a shift towards neuronal fate. Quantitative analysis of differentiation markers corroborated
this effect, demonstrating that the used miRNAs promote neuronal differentiation in DAOY cell line.

Prior experiments conducted in our laboratory demonstrated that the in utero injection of GBM cells gave rise
to the formation of glioblastoma tumors over time and can successfully engraft and sustain the formation of a
complex TME™2, A similar approach has also been recently employed by Barbieri et al. with human meningioma
tumors, proving that our in utero approach can be suitable for different brain tumors's. These findings
encouraged the exploration of this paradigm for studying MB biology, bridging the divide between in vitro
evidence and pre-clinical studies toward the development of a potential miRNA-based therapy.

Given that MB tumors with a neuronal differentiation profile commonly exhibit a more favorable prognosis with
higher survival rate, we aimed to evaluate whether pre-treatment with the 11 miRNAs poo/ in vitro could
replicate the differentiation-inducing effects also in our in utero model. Therefore, our objective was to
determine whether the poo/ of miRNAs could affect MB growth, potentially by promoting neuronal

differentiation in vivo.

Characterization of the tumor initiation upon in utero engraftment of MB pre-treated with 11 miRNAs pool

DAQY mCherry* cells cultured in vitro were transfected with the 11 miRNAs pool or scramble control and, after
1 day, cells were injected into the embryonic lateral ventricle of the mouse brain at E14.5 according to the
protocol described above. Two different miRNAs concentration, [10nM] and [125nM], were tested. These two
concentrations exhibited an effect on DAQY cells in vitro (see Annex I). A scramble control with the same
relative concentration was used as a control. Given that the study focuses on an infant brain tumor and knowing
that several authors use models centering their analysis at P7 stage?*3% and corroborated by Hoffmann’s model
that showed the highest proliferation for GBM TX at P7 mice, the study was directed towards mice with
engraftment in the post-natal stage at P7. This time point corresponds to 14 days after the in vitro pre-
treatment of DAQY cells (Figure 3.8 — A, for a schematic representation of the experimental procedure). As first
goal, we aimed to determine the time length for which the transfected miRNAs persisted within the MB
xenografts. Considering that mature miRNAs delivered during transfection may undergo additional dilution due
to cell division, especially given the highly proliferative nature of tumor cells, the analysis aimed to assess the
dynamics of the 11 miRNA mimics presence within the MB tumors. Embryonic brains were collected at E18.5

and P7 and MB xenografts were manually dissected to extract RNA.
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The presence of miRNAs relied on the detection of the human-specific hsa-miR-376b-3p, different from the
mouse counterpart and not detectable in mouse-origin tissues. Quantitative real-time analysis confirmed the
presence of hsa-miR-376b-3p at E18.5 (4 days p.t.) and remained detectable at P7 (tough not significant), as
shown in Figure 3.8 - E.

Because the structure of the mouse brain is not fully developed at E14.5, the ongoing development can
eventually facilitate communication between the ventricles, which might facilitate the movement and
engraftment of tumor, injected in the forebrain, in various regions of the host brain. Therefore, | first aimed to
assess whether the in vitro pre-treatment of tumor cells could result in a distinct tumor tropism of tumor foci
throughout the entire brain. Four brains per condition were collected, and the entire brains were sectioned
rostro-caudally while rigorously maintaining fixed anatomical references, ensuring that each slice represented
the same position in each of the brains (Figure 3.8 - B). The mCherry* red fluorescence was then examined using
an epifluorescence microscope and the presence was annotated slide-by-slide, to reconstruct the virtual
distribution of tumor foci per each brain. The cumulation of subsequent slides that presented the MB cells signal
was considered as a tumor mass. Only tumor masses present in more than 5 consecutive slides were considered
in the subsequent analyses. The rationale behind imposing this threshold is based on not considering as
“tumors” cell aggregates that did not proliferate within two weeks after the injection, thus deeming them as
dispensable for the aim of this study. The result is illustrated in Figure 3.8 — C. The map distribution of tumor
foci showed that MB cells are able to successfully engraft in different regions of the brain, from the rostral to
caudal areas. The distribution of tumor foci was dispersed throughout the longitudinal brain axis (as is also
reported in Figure 3.8 - D), with a minor concentration around the lateral ventricles of the forebrain, consistent
with the fact that this is the site where the injection was performed. Moreover, this analysis indicated that the
in vitro pre-treatment did not influence the preferential positioning of MB cells in the host brain, as shown by
the comparison of the MB cells transfected with the 11 miRNAs and the controls. This analysis provided a
preliminary validation of internal consistency and reproducibility of the in utero procedure. This also indicates
the reliability of the technique, which ensures the accuracy of future analyses.

The tumor masses were then counted. The treatment with poo/ at [125nM] resulted in a higher number of
tumors (Figure 3.8 — F). This finding may seem in contrast with the expectation that the 11 miRNAs poo/
treatment would reduce proliferation of tumor cells. However, when the volume of the MB masses was
quantified, it was found that the treatment with the pool at [125nM] significantly reduced the volume of the
MB masses when compared to the relative scramble control (Figure 3.8 - H). The combination of these two
parameters suggests that the efficacy of the poo/ treatment becomes apparent at the higher concentration,
leading to the development of smaller tumor masses.

Next, cell density was quantified within the engrafted MB tumors, measured by counting human nuclei within
several Regions-Of-Interest (ROI) in the TXs. Analysis indicated a higher cell density in the poo/ at [125nM]
(Figure 3.8 - G). This result could be attributed to two distinct factors: i) smaller cell nuclei or ii) closer cell bodies
and nuclei. Considering the former scenario would be consistent with numerous studies demonstrating that
reducing nuclear size correlates with a reduced cancer aggressiveness, as this attribute is associated with

nuclear rupture®®'*2, However, definitive consensus on the precise role of nuclear size in cancer development is
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still under debate'#*?’%, The latter possibility would suggest, instead, a potential hypoxic condition ongoing
within the tumor mass. Hypoxia is a widely recognized hallmark of the propensity of tumors to metastasize and
reinforce their aggressiveness!®. It is crucial to determine which of the two situations applies in our
experimental setting to comprehending the pool’s impact on tumor biology. However, as the enquiry into
nuclear properties deviates from the scope of this study, the focus shifted to other aspects that can also shed
light on this question and ascertain whether the pool exerts an effect on proliferation/differentiation of MB cells

in vivo.
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Figure 3.8 - Characterization of the MB xenograft model upon in vitro pre-treatment with the pool of 11 miRNAs. (A) MB cells are plated the
day before the transfection (control condition is not transfected). 24 hrs p.t., cells are injected in LV of immune-competent mouse embryos and
sacrificed at P7 (corresponding to 14 days after the in vitro transfection for the treated cells). (B) Brain explants are sectioned in coronal planes
(40 um thick) under fixed, reproducible anatomical parameters. Coronal sections from the Allen Mouse Brain Atlas, 2011%. (C) Map of the spatial
distribution of tumor masses (rectangles) across six distinct brain anatomical regions. Each rectangle represents the set of consecutive brain slices
containing a tumor focus. Relative condition is reported below. Only tumor masses with thickness >200um are considered. FC: Frontal Cortex,
CNU: Cerebellar Nuclei, HIP: Hippocampal region, IB: Interbrain, MB: Mid Brain, HB: Hind Brain, CB: Cerebellum. n = 4 brains per condition (D)
Percentage of tumor foci present in each region relative to the total number of brain tumor foci in pool or scramble [10nM] (up) or [125nM] (down).
Both conditions are represented with the percentage relative to the control condition (red line). (E) hsa-miR-376 fold change in pool [125nM] -
treated brains at E18.5 (n = 3 brains) or P7 (n = 4 brains) compared to control (n = 3 brains), (F) total number of tumors for control (n = 8 tumors
in 4 brains), scramble [10nM] (n = 6 in 4 brains), scramble [125nM] (n = 8 in 4 brains), pool [10nM] (n = 6 in 4 brains), pool [125nM] (n =15 in 4
brains). (G) Number of cells (cell nuclei) on tumor area in coronal section. n = 4 brains. (H) Volume of tumors for control (n = 8 tumors in 4 brains),
scramble [10nM] (n = 6 in 4 brains), scramble [125nM] (n = 8 in 4 brains), pool [10nM] (n = 6 in 4 brains), pool [125nM] (n = 15 in 4 brains). Data
are represented as mean * SEM, statistical significance revealed by using one-way ANOVA and Tukey’s multiple comparisons test; * p value < 0.05.
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In vivo proliferative capacity of DAOY cells is impaired upon the 11 miRNAs pool treatment

Transfection with the 11 miRNAs pool resulted in a significant reduction of MB cells growth (see Annex I). To
ascertain these findings in vivo, the proliferative index of tumor cells was assessed by immunostaining the pre-
treated MB xenografts in mouse brains. Mice at P6 were injected with BromodeoxyUridine (BrdU), a thymidine
analogue that is incorporated in DNA during its synthesis. After 24 hours, mice were euthanized, and
immunostaining was performed to determine the proportions of cells that incorporated BrdU. (Figure 3.9 - C)
To further address proliferation potential of tumor masses, engrafted MB cells were co-stained with Ki67, a
protein that localizes in the nucleus of cells in proliferative state. This marker is also employed in diagnosis and
prognosis of tumoral aggressiveness in a direct fashion: the higher the percentage of cells, the more aggressive
the tumor is considered®. Co-localization of the BrdU and Ki67 signals indicates that the labeled cells were
replicating 24 hours before sacrifice and persist in their proliferative state at the time of sacrifice.

Brain slices were stained for the two markers, and the number of Brdu* and/or Ki67" cells was normalized to the
total number of mouse cells within the TX ROI. Since the primary effect of the poo/ was observed only at the
higher concentration of the 11 miRNAs, we focused exclusively on the 125nM condition. Interestingly, the
miRNAs treatment led to the reduction of the proportion of both Ki67* and BrdU* cells compared to the
scramble (Figure 3.9 - A, B, D, E). Analyses of the double staining for the two markers led to the same conclusion
(Figure 3.9 - F), providing further support to this observation. This result confirms the in vitro data and supports
an anti-proliferative role of the 11 miRNAs in MB TX in vivo.

To further validate these findings and gain a broader understanding of the miRNAs impact on tumor biology, it
is essential to assess the differentiation status of tumor masses. This analysis can reveal whether the effects
extend beyond proliferation control. That could influence the differentiation program, as demonstrated in vitro.
Currently, data regarding tumor differentiation is still being collected and analyzed. Once complete, this data
will provide insights into the ability of the 11 miRNAs poo/ to modulate tumor cell differentiation and potentially

suppress tumor progression.
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Figure 3.9 - The pool of 11 miRNAs reduced the number of proliferating cells in MB TXs. (A and B) Immunofluorescence images of cryosections
in coronal plane of P7 brains. Scale bar: 100um. Dashed lines indicate tumors borders. (C) Experiment diagram of BrdU injection. (D, E and F)
Percentage of number of Ki67*, BrdU® and Ki67'/BrdU’ double-positive cells on the total nuclei within the TX area. n = 4 brains. Data are
represented as mean + SEM, statistical significance revealed by using t-test; * p value < 0.05.

Analysis of MB xenogrdfts invasive patterns indicates mesenchymal-like transition

Cancer cell adaptation to hypoxic conditions®® has been demonstrated to modulate the proliferation and fate
of CSCs in MB%, CSCs are characterized by a high capacity to evolve in EMT?, a process which leads the stem
cellular compartment to re-initiate the tumorigenesis or mobilize into metastatic processes®?. In fact, EMT
features are directly correlated to high aggressiveness and invasiveness in solid tumors?%®, Remarkably, our
model demonstrated a diverse range of tumor cell infiltration patterns, spanning from cohesive collective cell
migration to mesenchymal-like migration of single cells (Figure 3.10 - B’ and Figure 3.10 - B”). The control group
demonstrated an equal representation of both invasive and non-invasive phenotypes (Figure 3.10 - C’),
suggesting that a distinct prevalence for either invasive or non-invasive behaviour of transplanted MB cells is
not expected. These observations align with the inherent heterogeneity of tumor cells and the multiple factors
that influence their motility, making more likely that the probability of observing a particular phenotype is

random. In contrast, a dose-dependent increase in the representation of non-invasive morphology was observed



in samples treated with the pool (Figure 3.10 - A’ and Figure 3.10 - A”), as compared to their respective scramble
controls (pool [125nM] x2 = 7.66, p = 0.0056; pool [10nM] x?=38.86, p <0.001). The percentage of the observed
morphologies and the respective dataset are reported in Figure 3.10 - D’ and Figure 3.10 - D”. Although, this
observation requires further analysis of roundness versus irregularity shape, which is currently underway, this
finding is intriguing as it points toward a possible role of the 11 miRNAs to prevent EMT characteristics. To
further elucidate whether tumor mass behaviour relies on deterministic versus probabilistic model, we are

currently including immunohistochemistry analyses against EMT markers in our study.
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Figure 3.10 - TXs exhibit a morphological shift to a less invasive phenotype following treatment with the pool of 11 miRNAs. (A, B and C)
Immunofluorescence images of cryosections in coronal plane of P7 mice showing rounded shape commonly observed for pool - treated samples (A’
- [10nM] and A” - [125nM]) as opposed to the invasive-like patterns in scramble (B’ - [10nM] and B” - [125nM]) or control (C’ and C”). High-
field images showing the broadened diffusion of TX borders in scramble and control (B” and C”) indicated with yellow arrows, in comparison to the
spherical morphology of pool (A”). Scale bar: 200um. Dashed lines indicate tumors borders. (D’) Percentage of shape category found relative to the
total number of sections considered in the indicated condition (values are reported within the bar). The original dataset number is reported in (D).



CHAPTER4 Discussion & Conclusions

Cancer modeling is crucial for elucidating cancer biology and evaluating therapeutic interventions. Despite being
well-established, in vitro models inadequately mimic at systemic level the TME and all the factors that govern
cancer dynamics and CSCs involvement®3*2°, Animal models offer a more comprehensive approach, but lack
realistic human-specific cancer behaviourt®%18161 On the other hand, xenoengraftments of human tumor cells
introduce human-specific players, but the requirement of immunodeficient mice, alters tumor growth
characteristics and inflammatory conditions involved in tumor development and progression’”?', Moreover, the
immunocompromised host eliminates the possibility of studying the immune system reaction to a tested
therapeutics, leading to the high failure of pre-clinical studies®%1°%1%, Pediatric oncology is more influenced by
these limitations, as the use of adult animals or patient-derived tissues may capture later stages of the disease,
deviating from natural pathology progression?=. MB, as a brain cancer primarily affecting children, underscores
the critical need for refined models.

This thesis implemented and validated a new mouse model for human MB by in utero engraftment of human
MB cells in the embryonic brain of immunocompetent mice, thus addressing the limitations of existing
models of MB.

This was achieved by leveraging the natural immune suppression of mouse embryos, in which the adaptive
immunity matures after birth?°68, By introducing in wt mouse embryos a human cell line of SHH-MB, the DAOY
cell line, cells were shown to form tumor masses which proliferate in the mouse tissue and develop functional
connection within the host tissue. A previous approach, developed by Semenkow et al.?”®>, reported the
generation of an immune-tolerant mouse model of glioblastoma. However, such a model was generated by
chemical suppression of the T-cell activation since the first week of postnatal life. As a result, this model can
not be considered fully immunocompetent and does not adequately address the aforementioned limitations of
animal models in replicating the complexities of the original system. Noteworthy, T-cells play a crucial role in
TME. Their suppression by TAMs is necessary in order to permit immunosuppression, by the production of
growth factors, cytokines, and chemokines and establishing angiogenesis???3, However, T-cells can also
indirectly limit the angiogenesis??®3%2, Their eradication before the tumor implantation is therefore detrimental
to the study of tumorigenesis. Overcoming these limitations, a previous study from our group*? has developed
a mouse model of orthotopic xenotransplantation of human glioblastoma in wt mouse embryos. This thesis
leverages this model to implement and validate the first immunocompetent orthotopic model of MB in wt
mouse embryos, establishing a human-based system that reflects the embryological origin of the tumor.

Our model shows the presence of MG and macrophages associated to the tumor foci which also showed a
morphology typical of activation. Moreover, MG-like cells exhibited the ability to identify and engulf foreign
cells, consistent with their established phagocytosis role. TAMs, which are abundant in the SHH subgroup of
MB!**, have emerged as promising therapeutic targets. However, their role in MB remains a subject of debate,
with some studies supporting their pro-tumorigenic role3?31, akin to their established function in

glioblastoma*’, while others suggest a potential tumor-suppressive role in MBY73%_ Hence, further elucidation
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of the mechanisms underlying TAM involvement in MB is fundamental. The generation of the presented model
enables the possibility to elucidate the reciprocal role of MG and TAM cells in either promoting or hindering MB
expansion. Furthermore, a complex interplay exists between angiogenesis and TAMs. As fundamental part of
the TME, TAMs promoting tumor-supportive angiogenesis or suppress it depending on their specific
function!??®, For instance, TAMs produce pro-angiogenic factors and degrading the ECM??, triggering the
vasculature proliferation. Additionally, TAMs are known to accumulate in hypoxic tumor regions, where they
indirectly induce VEGF secretion and where HIF1a, a key regulator of macrophage-endothelial cell interactions,
represents another layer of linkage between vasculogenesis and immune-cells in the tumor. Calabrese et al.”
showed in in vivo orthotopic xenografts that tumor growth is also linked to functional vasculature thanks to the
presence of CSCs adjacent to the endothelial cells, and that co-injection of CSCs with primary-human
endothelial cells enhanced this growth®’. Using our model, we show the colocalization of endothelial marker
CD31 and MB CSCs marker Nestin'?28437 Many other aspects remains unknown about the fine composition of
CSCs niches and molecular mechanisms controlling their stemness, dormancy and chemo-immuno resistance,
particularly in relation to their ability to evade detection within the abnormal tumor-induced vasculature'.
Different authors3?”22%14 proposed the CSCs as promising therapeutic target, to eliminate this subpopulation
through the angiogenetic component of the CSCs niches. However, the most recent experimental evidence
supporting the causative association between CSCs and perivascular niches in MB remains the last one (as far
as the author found)3?”1, Further studies are needed to finely understand the key players of the angiogenesis-
CSCs-TAMs circuit in the TME. Our model, by mimicking TME of human MB in an immune-competent mouse,
could offer valuable perspectives.

A major obstacle in testing brain tumor treatment is overcoming the BBB, which hinders the delivery of
therapeutic drugs due to its impermeability to large molecules3'2 Notably, SHH-subtype of MB is characterized
by an intact BBB, as formally demonstrated by the work of Phoenix et al.??’, making it less responsive to
treatment compared to MB subtypes with a more permeable BBB, such as the WNT subtype?¥. Therefore,
exploring strategies to selectively target the BBB within the tumor zones could enhance tumor accessibility and
treatment efficacy. Our study revealed the presence of the BBB. Indeed, we were able to show the formation of
tight junctions between endothelial cells, particularly Claudin-5, within and surrounding the tumors. The
vascular morphology observed in our study closely resembles that described by Phoenix et al.?*’, suggesting the
possibility of similar non-permeability characteristics. Though our model did not definitively prove BBB
formation and functionality, its future exploitation would open up new avenues for therapeutic delivery to the
tumor.

As related to research and development of new therapies for MB, growing evidence underscore the significant
role of miRNAs in the earliest stages of brain development and how the dysregulation of specific miRNAs
contributes to pathological adult and pediatric MB. The in vitro screening by Luo et al® revealed
downregulation of the 14932 miRNA cluster, specifically miR-376b, miR-370, miR-411, and miR-708 in SHH-
subtype MB. Microarray analysis in SHH-subtype of MB from human samples found downregulation of many
miRNAs of the same cluster. Among these miRNAs, in particular miR-124, miR-127, miR-134, miR-139, miR-
370, miR-382, miR-411'®, A distinct miRNA signature was identified MB CSCs, with miR-135 significant
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downregulated'?, Reintroduction of the miR-135 with a viral construct showed the efficient downregulation of
its target Arhgef6, notably involved in MB CSCs, highlighting it as a potential therapeutic target for MB!%, When
reintroduced, miR-370 reduced glioma proliferation and progression®.,

The functionality of miRNAs expands beyond their role in cancer, reaching the complex pathways involved in
brain development and functioning. By viewing brain cancer as a brain tissue that has escaped the control of
normal regulatory pathways, the study of miRNAs in healthy brain tissue remains highly informative.

For example, miR-134 is recognized for its ability to induce neuronal differentiation by suppressing self-renewal
transcription factors?®. In glioblastoma, miR-134 levels are significantly reduced, and restoring its expression
has been shown to inhibit cell proliferation??®. miR-218, implicated in CNS pathologies®®, is also downregulated
in MB. Restoring miR-218 expression in MB cell lines has demonstrated significant growth inhibition3%. miR-
708 plays a role in neural differentiation and exhibits dual functionality as both a tumor suppressor and an
oncomir*?, Additionally, it targets vimentin, an intermediate filament protein associated with cancer
progression. And also miR-135 regulates angiogenesis by targeting FAK, regulator of VEGF expression”’.

It has been proposed that miRNAs can be employed to modulate the expression or activity of one or more other
miRNAs’%42, In 2017, Pons-Espinal et al.?*?2 showed the synergic effect of 11 miRNAs to induce the
differentiation of murine adult neural stem cells. A significant portion of the miRNAs included in the
combination had been identified as potential players in MB by several previous researches.

Here, we exploited the synergistic effects of the 11 miRNAs pool and validated the efficacy of this treatment
to induce differentiation of MB cells.

Initially, to confirm the pro-neural effect of 11 miRNAs in a human setting, we assessed the impact of the 11
miRNAs poo/ on human iPSCs-derived NPCs, representing a 'molecular blank state' where evaluate its potential
effects in a human context. Subsequently, we validated and established the transfection conditions of the 11
miRNAs in the DAOY cell line model of MB (subgroup SHH). As expected, the poo/ was able to reduce in vitro
the proliferation and migration of the human iPSC-derived NPCs, and to exert a pro-neural differentiation of
the cells.

To confirm the ability of the 11 miRNAs poo/ to reduce tumor growth in vivo, we performed in utero orthotopic
xenoengraftment in immune-competent mouse embryos. Following transfection with the poo/ at [125nM],
engrafted MB cells diminished their proliferative potential resulting in smaller tumors volume. This conclusion
is in line with the in vitro studies (Annex ) and indicated that the poo/ could slow down the tumorigenesis of
MB cells in vivo. As related to proliferation, however, further validation needs to be performed. The proliferative
potential of MB cells was performed by considering BrdU and Ki67, common markers used to evaluate the
duplication and the proliferative potential in cancer cells, respectively. Ki67 protein is detectable during all active
phases of the cell cycle (G1, S, G2, and mitosis), but is absent in cells in the GO cell cycle phase. The observed
volume reduction could be attributed to either induction of CSCs differentiation or their quiescence. The
quiescence is a characteristic mainly linked to the CSCs population’**31%2, On the other hand, BrdU can be
incorporated in the DNA not only during the S phase of cell cycle, but also in case of DNA repair or by general
DNA-remodeling events. These events are extremely common in quiescent CSCs to respond to therapeutic

agents®>192 If the 11 miRNAs induce quiescence in tumor cells, a rise in BrdU incorporation could be expected.
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On the contrary, a reduction in BrdU" cells was observed, indicating that the cells were likely undergoing a
differentiation process rather than quiescence. Although the cell cycle index (determined by BrdU Ki67*/BrdU*
cells) displayed only a non-significant trend (data not shown), increasing the sample size could increase the
statistical power of this analysis. Either quiescence or differentiation would be the underlying mechanism, the
administration of BrdU approximately 14 days after treatment might have occurred beyond the time window
when BrdU incorporation could effectively capture treatment-induced DNA remodeling or cell cycle exit.
Investigating earlier time points for BrdU assay in subsequent experiments could provide deeper insights into
the fate determination of MB upon the in vitro treatment. We also reported an increase in cell density within
the tumor masses of sample treated with poo/ at [125nM]. The observed reduction in nuclear size could explain
the increase density and would be consistent with decreased cell proliferation. While the role of nuclear size in
tumorigenesis remains a topic of debate?’?, there is a general consensus that higher nuclear size in MB tumors
correlates with increased anaplasia, a highly de-differentiated malignant condition used for patient
stratification00318,

Our results revealed a higher number of tumor masses upon treatment with the poo/ at [125nM] compared to
other conditions. This result seems to be in apparent contradiction with the proposed therapeutic role of
miRNAs. Although it can not be excluded that the effect of the treatment with several miRNAs together is
different from the effect of a single one, this observation would be in agreement with previous data showing
that the treatment with a single miRNA jn vivo can induce the dissemination of tumors in non-SHH MB*, The
synergistic effect of a combination of miRNAs in an immunocompetent mouse has never been evaluated, thus
it is plausible that this poo/ induces a slowing down of growth, in association with an increased risk of metastasis.
Indeed, the engraftment was found to occur with no discernible difference between treated and control groups.
Hence, the observation of larger tumor masses with smaller volumes suggests the possibility that engraftment
remains constant, but the proliferation capacity of each engrafted cell is reduced. This could lead to the
fragmentation of the overall tumor mass when viewed as a single entity.

This “pro-metastatic” behaviour of the poo/ was unexpected given the established role of several miRNAs
composing the pool in suppressing metastasis. In fact, miR-411 downregulates vimentin, a protein associated
with metastasis’%*2. Additionally, miR-124 is known to target Sox9, a key driver of MB metastasis®'*?1, and EMT
transcription factors*®. Mir-127, whose expression is regulated by Claudin-5, is downregulated in several brain
metastatic tumors and act as a functional tumor suppressor'®’. Metastasis are interlaced with EMT, which
initiates cellular remodeling, including morphological changes, which are seldom associated with spherical/
shapes. The observation that treated samples rarely exhibit typical invasive behaviour, preferring a rounded
morphology, provides indirect support for the hypothesis that tumor fragmentation is not a result of metastasis.
Measuring the compactness index? of tumor morphologies would provide a formal assessment of the degree
to which control and treated samples differ in terms of morphology.

Regardless of the efficacy against metastasis, this approach offers a valuable tool to evaluate the collective role
of miRNAs in the pool for metastasis, a crucial question to address. In sum, while the specific mechanism of
the 11 miRNAs on proliferation and metastasis remains unclear, this study provides the first evidence of

synergistic action of a combination of miRNAs in MB in vivo.
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The exploration of these miRNAs as a concrete therapeutic approach is still in its preliminary stages.
Significant challenges remain in the development of miRNA-based therapeutics. Firstly, effective and safe
delivery strategies for miRNAs have yet to be established, hindering their clinical translation®3>12, To date, no
miRNA-based therapies have gained FDA approval. Moreover, for brain cancer specifically, the ability to cross
the BBB remains a significant hurdle®”3'>, Secondly, further research is needed to elucidate the molecular
mechanisms by which these miRNAs exert their effects. This includes identifying the genes that these miRNAs
target and the mechanisms by which they repress gene expression. The re-purification of engrafted MB cells
(i.e. by FACS) could provide a unique perspective into their molecular identity post-implantation. This would
dissect not only the intrinsic influence of the host environment but also reveal the distinct molecular signatures
induced by the treatment on these cells. It is essential to emphasize the unique value of analyzing engrafted
cells rather than studying them under in vitro settings. A comparison of gene- and protein-expression profiles
between pre-treated MB cells and the respective controls from in utero engrafts can pinpoint the specific
molecular pathways modulated by the 11 miRNAs. This, in turn, allows us to understand the mechanism
through which MB cells adapt and evolve within the living organism. Therefore, identifying the targets of 11
miRNAs pool in MB engrafted cells could serve as a pivotal guide, enhancing the precision and focus of our
subsequent studies. To further elucidate the compensatory potential of synergistic action, an intriguing
approach could be to deplete the targets primarily targeted by miRNAs and involved in the described tumor-
related mechanisms. Assessing whether the 11 miRNAs poo/ maintains its impact would provide valuable
insights into the ability of synergistic action to mitigate the effects of missing molecular players.

Functional studies of miRNAs face challenges due to the absence of physiological conditions, as miRNAs
typically act in low amounts and target multiple genes concurrently. In our model, the effect was exerted at the
higher dosage, the quantification of has-miR-376 in brain tissue suggest that miRNAs become significantly
diluted in the tissue relatively fast, probably due to the high proliferation rate observed also in normal conditions.
Nevertheless, it is established that upon transfection, mimics are incorporated into the RISC complex and act
almost instantaneously. Hence, even in the absence of miRNAs, their potential impact might persist over time,
or it is plausible that the remaining low concentration two weeks post-treatment is exerting an effect with a
more physiological fashion. This method could therefore provide a novel strategy for deciphering gene
regulatory networks influenced by miRNA-mRNA interactions in human tumor molecular networks.
Ultimately, our model can be viewed as a platform for versatile purposes. For example, the model can be readily
adapted to investigate other MB subgroups, such as group 4. where only a limited number of models have been
developed?¥26%12 Moreover, the utilization of human iPSCs, achieved through either patient reprogramming
or genetic modification, can be applied to establish personalized disease models. Subsequently, the findings
from these models can be firstly validated in animal models and then confirmed in clinical tests for their
relevance and translatability. Overall, this pilot study provides proof-of-concept for researchers engaged in
human MB cancer research and the study of miRNA interactions and sets the stage for further development in

the field.
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Limitations and future perspective

- For the in vitro validation of the 11 miRNAs, we omitted the consideration of a control for the
transfection vehicle. Nevertheless, incorporating a mock control would more accurately depict the
baseline condition of the transfection procedure.

- Given that the adaptive immune system is recognized to reach full development after the first month
postnatal, it becomes crucial to assess whether this complete maturation of the immune system would
lead to the rejection or absorption of the engraftment. Therefore, expanding the analysis would
provide valuable insights in this direction.

- To assess the differentiative potential exerted by the 11 miRNAs pool, it is essential to evaluate the
expression of neuronal markers in the tumor masses and compare the expression level between
treated and control groups.

- For similar reasons, the assessment of EMT marker expression is of interest to determine whether the
observed differential preferences in the morphological shape of the tumor are attributable to the EMT
remodeling process.

- The TME is intricately shaped by the composition of TAMs. Investigating the potential influence on
the relationship between TME and TAMs orchestrated by the miRNAs could provide novel insights in
this field.

- It would be intriguing to optimize the 11 miRNAs pool/ for a human-specific context. Utilizing scRNA-
seq analysis could help identify the miRNA profiling of CSCs in human MB cells, specifically DAOY
cells in our study. By comparing this profiling to that of human iPSCs undergoing canonical
differentiation, we can refine miRNAs primarily involved in the differentiation of human NPCs and
highlight the differences with (undifferentiated) MB cells. Consequently, this approach may validate a
freshly customized poo/ of miRNAs tailored specifically for humans, potentially enhancing its
effectiveness in supporting the differentiation process.

- Separate the engrafted MB cells upon transplantation is crucial to understand their true molecular
identity and response to the treatment. Analyzing their coding and non-coding profiles can reveal key
information about how MB cells adapt and evolve in the living organism and delve into the specific

effects of the 11 miRNAs for identifying potential targets for future studies.
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CHAPTERS Experimental Procedures

Human iPSC maintenance

Human Episomal iPSCs (Gibco, A18945) were cultured at 37°C, 5% CO: and ambient oxygen level on Geltrex-
coated plates in mTeSR1 medium (STEMCELL Technologies, 05850). For passaging, hiPSC colonies were
incubated with ReLeSR (STEMCELL Technologies, 05872) for 5 min. Pieces of colonies were washed off with
mTeSR1 and gently resuspended in mTeSR1 supplemented with 10uM Y-27633 (STEMCELL Technologies,
72304) for the first hour after the seeding. A daily medium change followed. Cells were routinely tested for

mycoplasma.

Human Neurons generation

Human Neurons were generated following according to the manufacturer’s instructions. Briefly, iPSCs were
dissociated into single cells using StemPro Accutase Cell Dissociation Reagent (Life Technologies, A1110501)
and plated within the concentration of 1x10° single iPSCs/well into a single well of a Geltrex-coated 6-well plate
in STEMDiff Neural induction medium with SMADi (STEMCELL Technologies, 05833). Medium was changed
daily. For passaging, human NPCs were washed with 5ml of DMEM/F-12 and incubated with StemPro Accutase
Cell Dissociation Reagent for 4 min. Cells were washed off with DMEM/F12, centrifuged for 5min at 300g and
resuspended in STEMDiIff Neural induction medium with SMADiI. After the third passage, cells were expanded
in STEMdiff Neural Progenitor Medium (STEMCELL Technologies, 05833) or further differentiated. For neural
differentiation, cells were plated in Poly-L-Ornithine (PLO)/laminin coating at a concentration of 1.25x10
cells/cm? in STEMDIiff Neural induction medium with SMADiI. The following day, the medium was changed to
STEM(diff Forebrain Neuron Differentiation Medium (STEMCELL Technologies, 08600) (FDM) and daily full
medium change was performed. Once confluence was reached, cells were detached as previously and plated in
STEM(diff Forebrain Neuron Maturation Medium (STEMCELL Technologies, 08605). Seeding concentrations of
3-4x10* cells/cm? was preferred for short-term cultures (< 30 days of maturation), or 5-6x10* cells/cm? for long-
term cultures (> 30 days of maturation). Medium was changed every other day. Cell counting and viability

estimation was performed with automated Cell Counter (Cell Drop, DeNovix). Viability is calculated as:

number of cells seeded

number of viable cells number of cells harvested

total number of cells

- 100%. Growth rate (u) was obtained by: u = - 24hrs. Doubling time

hours of growth

In (2)

(ta) was calculated with the formula: t; = - 24hrs.

Human NPCs transfection and Neurite Outgrowth assay

mCherry* human iPSCs-derived NPCs (hNPCs) were obtained with transduction of EF-al_mCherry lentivirus.
Positive clones were selected by fluorescence activated cell sorting (FACS) on BD FACS Aria lll cytofluorometer
to obtain a pure population, using a non-transfected sample of NPCs as negative control to set the gating
strategy for cell sorting. For transfection, cells were plated in standard culture condition (37°C, 5% CO., ambient

O: levels) within the concentration of 2x10* /cm? in each single well of a Geltrex-coated 24-well plate in
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STEMDiff Neural Progenitor Medium (NPM - referred in the main text as Neural Proliferation Medium). The
day after, cells were transfected. For testing the optimal transfection conditions, siGlo Green transfection
indicator (Dharmacon, D-001630-01) was transfected at a final concentration of 250nM in a ratio 1:1 using
Lipofectamine Stem Transfection Reagent (Invitrogen, STEMO00015) or Lipofectamine 2000 Transfection
Reagent (Invitrogen, 11668019) in MegaCell RPMI-1640 medium (Merck, M3817). For Neurite Outgrowth
assay, cells were transfected with a poo/ of mimics or scramble negative control (Dharmacon, CN-001000-01-
05) at a final concentration of [250nM] using Lipofectamine 2000 Transfection Reagent in ratio 1:1. Transfection
medium was replaced with fresh medium (NPM or FDM) after 5 hours. The list of mMiRNA mimics is reported in
Table 2. Analysis for Neurite Outgrowth started 24 hours p.t. using IncuCyte S3 (SARTORIUS) with Incucyte
Neurotrack software module. Plates were scanned every 6 hours over a 144 hours period using a 10x objective.
Nine images per well were captured and images were analyzed for neurite length, branch points, cell-body
clusters number and area. The masks/filters adjustment for Neurotrack red Fluorescent image analysis were as
follows: Segmentation mode: Texture; Hole fill: 0; Adjust size: -5 um; Min cell width: 8 um; Neurite filtering:
Best; Neurite sensitivity: 0.5 um; and Neurite width: 2 um. The following parameters were quantified: Cell-Body
Clusters (CBC) = total number of cell body clusters/area of image field; Cell-Body Cluster Area (CBCA) = sum
of areas of all cell-body clusters pooled/area of image; Neurite Length (NL) = sum of lengths of all neurites
pooled/ area of image field; Neurite Branch Points (NBP) = total number of branch points/area of image field.

Raw data were collected from the instrument and further analyzed.

Table 2 - miRNA mimics used in the experiments.
Reference

miRIDIAN microRNA
Dharmacon

Sequence

mmu-miR-124-3p
mmu-miR-127-3p
mmu-miR-134-5p
mmu-miR-135a-5p
mmu-miR-139-5p
mmu-miR-218-5p
mmu-miR-370-3p
hsa-miR-376b-3p
mmu-miR-382-5p
mmu-miR-411-5p
mmu-miR-708-5p

C-310411-05-0002
C-310616-07-0002
C-310568-07-0002
C-310576-05-0002
C-310822-01-0002
C-310397-07-0002
C-310409-05-0002
C-300741-03-0002
C-310607-05-0002
C-310987-01-0002
C-310391-05-0002

5-UAAGGCACGCGGUGAAUGCC-3
5-UCGGAUCCGUCUGAGCUUGGCU-3
5-UGUGACUGGUUGACCAGAGGGG-3
5-UAUGGCUUUUUAUUCCUAUGUGA-3
5-UCUACAGUGCACGUGUCUCCAG-3
5- UUGUGCUUGAUCUAACCAUGU-3
5-GCCUGCUGGGGUGGAACCUGGU-3
5-AUCAUAGAGGAAAAUCCAUGU-3
5-GAAGUUGUUCGUGGUGGAUUCG-3
5-UAGUAGACCGUAUAGCGUACG-3
5-AAGGAGCUUACAAUCUAGCUGGG-3

Animal care

None of the animals used in our experiments had been previously used for other procedures. All subjects were
test- and drug-naive. The animals presented a healthy status and were employed independently of their gender
for each experiment. Mice were housed under standard conditions at the animal facility of Istituto Italiano di
Tecnologia (IIT), Genoa, Italy. All experiments and procedures were approved by the Italian Ministry of Health
(Permits No804/2020-PR Ref. # 1IT-186) and IIT Animal Use Committee, in accordance with the Guide for the

Care and Use of Laboratory Animals of the European Community Council Directives. Wild-type CD1 females
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and males were crossed, and mouse embryos were used for in utero xenotransplantation procedure at the

indicated day post coitum (dpc). The vaginal plug was defined as Embryonic day 0.5 (E0.5).

In utero transplantation

At the day of injection, cultured cells were detached with Trypsin, counted, and re-suspended in sterile PBS at
final concentration of 50.000 cells/pl and 10% sterile Fast Green (1% stock solution in H2O, Fast Green FCF,
Sigma Aldrich). Surgery of a pregnant time-mated wt dam (14.5 dpc, E14.5) was performed under standard
anesthesia conditions (2.5% Isoflurane (Isocare, Animalcare) and 1.5% oxygen). The pregnant dam was placed
on a heating plate (37°C) exposing the abdomen. Pre-surgically Voltaren (2.5ml/kg bodyweight, Novartis) was
subcutaneously injected at the forelimb. Abdomen was shaved, wiped with 70% ethanol and disinfected with
Betadine (Superfarma). Laparotomy was performed by a 1.5 cm long cutaneous incision and followed by a
slightly smaller incision of the abdominal wall next to the /inea alba to expose the uterus from the abdominal
cavity. Single cell suspension was loaded to a pulled-glass capillary (Sutter Instruments, .D.: 0.69 mm, O.D.: 1.2
mm, Length: 10 cm; BF120-60-10 and Micropipette Puller P-97, Sutter Instruments) and directly connected to
the microelectrode/pipette holder (5430-1.0, MPH6S, WPI). Glass capillary was aligned perpendicular to the
telencephalon of the mouse embryo in utero and injection of the single cell suspension into the lateral ventricle
done by 1-2 short manual pulses (vent pressure, ~15 psi ( ~1.1 bar) (max. 20 psi), Pneumatic PicoPump PV820 -
WPI) until the ventricle was filled (1 pulse = 1ul). During surgery, the uterus was moistened with filtered PBS
(Filter Type 17597, 0.2 pm, Sartorius Stedim Biotech) pre-heated at 37°C. After injections uterine horns were
placed back in the peritoneal cavity and the abdominal wall was sutured (VICRYL EP (5/0) V385H; C-3, 13mm,
45cm; Ethicon) and further disinfected with Betadine. Pregnant mice or mothers were sacrificed by cervical

dislocation at the indicated times and embryos or pups were decapitated, dissected, and further processed.

BrdU labelling

P6 mice were weighted and injected with 50 mg/kg of BrdU (Sigma-Aldrich) resuspended in phosphate buffer
saline (PBS). Intraperitoneal injections of P6 mice were performed with 27-gauge needle to avoid liquid spillage.

Mice were sacrificed 24 hours after the BrdU injection. Brains were processed immediately after the sacrifice.

Immunofluorescence and imaging

Immediately after the sacrifice, brains were dissected in cold 1x PBS and rapidly analyzed under stereo
microscope (Olympus SZX16 with Olympus U-RFL-T) to define brain with engraftments. Positive and negative
brains were post-fixed in 4% paraformaldehyde (Sigma-Aldrich, P6148) O/N at 4°C. The day after, brains were
de-hydrated in 30% sucrose at 4°C, cryo-embedded in Tissue-Tek O.C.T and stored at -20°C until use. Coronal
cryosections (20 um (E18.5-P2) and 40 um (P7)) were prepared at the indicated ages and processed for
immunofluorescence. Cryosections were re-hydrated in 1x PBS and (when specified) subjected to antigen
retrieval with 10 mM citric acid at pH 6.0 for 10 min at 95°C, followed by 20-30 minutes of cooling and

permeabilized with progressive steps in 0.3% and 0.1% Triton X-100 in 1x PBS (PBST). Blocking was performed
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in 0.1% PBST + 5% normal goat serum for 1 hr at RT. Sections were then incubated with primary antibodies
diluted in blocking solution O/N at 4°C. Extensive washing in 0.1% PBST was followed by incubation with
secondary antibodies diluted in blocking solution for 2 hrs at RT. Washing steps in 0.1% PBST and then 1x PBS
were performed, followed by nuclear counterstain with Hoechst 33258 (1:300 in 1x PBS from a stock solution
of 1 mg/ml in dimethyl sulfoxide, DMSO, Sigma Aldrich) for 30 min. Cover-slips were immediately mounted
with ProLong Gold Antifade (Invitrogen), air-dried O/N in the darkness, and sealed with nail polish (Electron
Microscopy Sciences). For BrdU staining, the procedure was modified by additional incubation, prior to the
blocking step, in 2N HCI for 30 minutes at 30.2°C and then washed three times in 1x PBST at RT. All images
were acquired using the Nikon Al and Nikon ECLIPSE Ti. Images were taken with 10x, 20x or 60x (oil-
immersion) objective. Table 3 and Table 4 list the Primary and Secondary Antibodies and specification for
labeling. In all immunostaining analysis of brain sections, anti-mCherry antibody was added to counterstain the

constitutive expression of the DAQY cells.

Table 3 - List of Primary Antibodies used for Inmunofluorescence in brain tissue samples.

Antigen Vendor Dilution Antigen retrieval
Anti-BrdU Abcam (ab6362) 1:100 yes
Anti-CD31 BD pharmigen (550274) 1:100 no
Anti-CDé68 Abcam (ab53444) 1:100 no
Anti-mCherry Abcam (ab206402) 1:500 -
Anti-Claudin-5 ThermoFisher (4c3c2) 1:100 no
Anti-IBA1 Fujifilm (019-19741) 1:500 no
Anti-Ki67 Abcam (ab15580) 1:100 yes
Anti-Laminin Abcam (7463) 1:500 no
Anti-hNestin Abcam (ab105389) 1:200 no
Anti-VEGF Abcam (ab52917) 1:100 no

Table 4 - List of Secondary Antibodies used for I fluorescence in brain tissue samples.
Antigen Vendor Dilution
Goat anti-rabbit AlexaFluor 647 ThermoFisher (A21245) 1:1000
Goat anti-rat AlexaFluor 488 ThermoFisher (A11006) 1:1000
Goat anti-chicken AlexaFluor 568 Abcam (ab175477) 1:1000
Goat anti-mouse AlexaFluor 488 ThermoFisher (A11029) 1:1000
Goat anti-rabbit AlexaFluor 647 ThermoFisher (A21245) 1:1000

Immunocytofiuorescence and imaging

During the experimental passages, human iPSC cells and their differentiated progeny were seeded onto
coverslips in 24-well plates and maintained under identical culture conditions as the parent population. The day
of fixation, plates were washed three times with 1x PBS at RT and fixed in 4% parafolmaldehyde (Sigma-Aldrich,
P6148) for 10-15 min at RT. Fixative was removed by washing plates for three times with 1x PBS and plates
were stored at 4°C until use in 1x PBS. For immunofluorescence, cells were permeabilized with 0.1% Triton X-
100 in 1x PBS (PBST). Blocking buffer (BB) was prepared in 0.1% PBST + 5% normal goat serum for 1 hr at RT.

Primary antibody solution was prepared in BB and coverslips incubated O/N at 4°C, in the darkness. Extensive
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washing in 0.1% PBST was followed by incubation with secondary antibodies diluted in blocking solution for 2
hrs at RT. Washing steps in 0.1% PBST and then 1x PBS were performed, followed by nuclear counterstain with
Hoechst 33258 (1:300 in 1x PBS from a stock solution of 1 mg/ml in dimethyl sulfoxide, DMSO, Sigma Aldrich)
for 15 min. Cover-slips were immediately mounted with ProLong Gold Antifade (Invitrogen), air-dried O/N in
the darkness, and sealed with nail polish (Electron Microscopy Sciences). All images were acquired using the
Nikon Al and Nikon ECLIPSE Ti. Images were taken with 10x or 20x objective. The antibodies used in the

analysis are listed in the following tables.

Table 5 - List of Primary Antibodies used for Inmunocytofluorescence.

Antigen Vendor Dilution
Anti-DCX Millipore (ab2253) 1:250
Anti-Tujl Abcam (ab9354) 1:250
Anti-Oct4 Biolegend (3A2A20) 1:200
Anti-Nestin Millipore (ab5326) 1:250
Anti-NeuN Millipore (ab377) 1:250
Anti-Pax6 Millipore (ab5603) 1:250
Anti-Sox2 Biolegend (901301) 1:250

Table 6 - List of Secondary Antibodies used for Inmunocytofluorescence.

Antigen Vendor Dilution
Goat anti-rabbit AlexaFluor 647 ThermoFisher (A21245) 1:1000
Goat anti-mouse AlexaFluor 488 ThermoFisher (A11029) 1:1000
Goat anti-mouse AlexaFluor 647 ThermoFisher (A150123) 1:1000
Goat anti-guinea pig AlexaFluor 647 ThermoFisher (A21450) 1:1000
Goat anti-chicken AlexaFluor 568 Abcam (ab175477) 1:1000
Goat anti-mouse AlexaFluor 568 ThermoFisher (A11031) 1:1000
Goat anti-rabbit AlexaFluor 488 ThermoFisher (A11008) 1:1000

Image Analysis and Histological Measurements

Allimages were analysed with Nikon software version 4.11.0 (NIS Elements Viewer) and processed with ImageJ
version 1.48v (Wayne Rasband, National Institutes of Health, USA). Number of positive brains was obtained by
identifying fluorescent masses constituted by DAOY mCherry* cells injected in the lateral ventricles of mouse
embryos at E14.5 and observed under stereo microscope (Olympus SZX16 with Olympus U-RFL-T) upon
dissection.

Reconstruction of tumor masses and distribution within the brains: coronal sections of 40 pm were collected
from 4 brains per each condition. The entire brains were sectioned rostro-caudally while rigorously maintain
fixed anatomical references. This ensured that each slice occupied the same position across all brains. Brain
slices were categorized into six principal anatomical regions for ease of representation. A single brain slice
possessing mCherry signal is considered a tumor focus. The set of consecutive brain slices presenting tumor foci

(mCherry fluorescence signal) is defined as a tumor mass (or simply, tumor); n = number of brains
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Frequency Distribution of tumor foci: tumor foci count per brain region, normalized to the total number of
tumor foci in the whole brain; n = number of brains (average of values from single brains)

Number of tumors: n = tumor masses (data from a single brain were pooled considering treatment conditions
and considered as a whole)

Tumor volume: was measured in coronal sections of embryonic brains by the diameter (d) of each tumor in its

greatest dimension and volume (V) was estimated with the following ellipsoid formula®: V = %nabz, where a

and b corresponds to the sagittal and axial plane, respectively. mCherry fluorescence signal defined tumor area.
Analysis was restricted to tumor masses that occupied at least 6 consecutive brain slices; n = tumor masses
(data from a single brain were pooled considering treatment conditions and considered as a whole)

Cell proportions measurements: for cell density within the tumor area, Hoechst" nuclei were counted within
tumor area (defined by mCherry fluorescence) and divided by the tumor area; proportion of cells were calculated
as the number of cells Ki67* or BrdU* or Ki67*BrdU* over total Hoechst" nuclei within tumor area (defined by
mCherry fluorescence) and normalized to the tumor area. During the count, cells were considered also for their
morphology in order to exclude mouse nuclei®. Counting was performed by considering different regions of
the tumor mass and different regions of the brain (when applicable); n = number of brains (average of values

from single brains).

Maintenance and transfection of DAOY

DAOY mCherry* cells (ATCC, HTB-186) were obtained with transduction of EF-al_mCherry lentivirus. The
DAOY cells were cultured at 37°C, 5% of COz and 95% of relative humidity with DMEM High Glucose (Dulbecco
Modified Eagle Medium; Sigma Aldrich) containing 10% of FBS (fetal bovine serum, Sigma Aldrich), 1% of
penicillin-streptomycin antibiotics (ThermoFisher) and 1% of L-glutamine (Lonza Srl). For transfection, cells
were seeded in 12-well plates at a concentration of 15x103 cells/cm?. The day after cells were transfected with
a pool of mimics or scramble negative control (Dharmacon, CN-001000-01-05) at a final concentration of
[10nM] or [125nM] in ratio 1:1 using Lipofectamine 2000 Transfection Reagent in MegaCell RPMI-1640
medium. After 6h, the medium was substituted with serum-free Neurobasal (ThermoFisher) containing 1% of

penicillin-streptomycin antibiotics and 2% of B-27 (Life Technologies).

RNA extraction a real-time gPCR

Total RNA from 3 brains for E18.5 (non-injected and mCherry*) and 4 brains for P7 mice was extracted for
quantification of miRNAs in fresh brain tissues. Expression levels of hsa-miR-376b-3p in all the samples were
quantified as a measure of the residual miRNAs levels of the pool in the tissues. This miRNA was selected due
to its high discriminatory power, as it is absent in mouse tissue (confirmed by additional ongoing laboratory
studies - data not shown). For injected mice, the mCherry" brains were carefully dissected under a
stereomicroscope with a scalpel to isolate the mCherry-positive regions. Tissues were snap frozen in dry ice and
stored at -80°C. For RNA extraction, frozen tissue was added 700 pl of Qlazol (Qiagen) and homogenized using

a TissueLyser Il (Qiagen) with 5 mm stainless steel beads pre-treated for RNAse and DNAse. Homogenization
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consisted in 3 x 1 min cycles at 30 Hz and then samples were cleared by centrifugation at 10,000 x g for 5 min at
4 °C. RNA extraction was performed following QlAzol protocol (Qiagen) according to the manufacturer’s
instructions. A volume of 8ul of total RNA was treated with DNase | (Sigma) and then quantified using a
Nanodrop ND-1000 spectrophotometer (Thermo Fisher Scientific). The purity of RNA was evaluated using the
260/280 and 260/230 absorbance ratios. For both ratios, a value of ~ 2.0 was considered indicative of good quality
RNA. cDNA was synthesized using miScript Il RT kit (Qiagen) according to the manufacturer’s instructions.
Real-time qPCR was performed with QuantiFast SYBR Green PCR Kit (Qiagen) and expression level was

determined relative to U6 snRNA level, using the delta-delta Ct method.

Table 7 - List of primers used for qPCR.

Gene Catalog # Sequence
hsa-miR-376b-3p MS00007399 5-AUCAUAGAGGAAAAUCCAUGUU-3
RNU6 5-CUCGCUUCGGCAGCACAUAUACUAA-3
Statistical Analysis

Data were analyzed by GraphPad Prism 9 and are shown as mean + SEM (Standard Error Mean). Differences
between groups were tested for statistical significance, using unpaired Student’s t-test, x? test, one-way-
ANOVA followed by Tukey’s multiple comparisons test, Significance was expressed as follows in all figures: *

p-value < 0.05; ** p-value < 0.01; ***p-value < 0.001; **** p-value < 0.0001.
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ANNEX . /Invitro validation of the efficacy of the 11 miRNAs poo/

in a Medulloblastoma cell line

The 11 miRNAs pool transfection inhibits cell growth

DAOY cell line was transfected to constitutively express NanoLuc luciferase, an enzyme that is secreted in the
medium and can be used as indirect measure of cell growth being released in the medium. The experimental
protocol is depicted in Fig. I - A. Cells were seeded in concentration 15x10% cells/cm? in a MW 12 plate in
complete DMEM. The day after, a concentration of [250nM] of 11 miRNAs pool or scramble was transfected
using Lipofectamine2000 as chemical vehicle. After 6 hours, the medium was substituted with serum-free
complete Neurobasal. Starting from the day of transfection (T0), 1ml of the discarded medium was collected
every 24 hours for 4 days (T3). The medium was then stored at -20°C and subsequently analyzed by
bioluminescence. The resulting cell growth curve was obtained by cumulative measurement of the total
bioluminescence signal (photons/sec) in each time points. The growth curve showed significant difference in
the pool compared to the scramble in each time point considered (Fig. / - C). Since the cumulative
bioluminescence is an indirect measure of the number of cells, cells were harvested after 72h of treatment (T3)
and manually counted. The results showed a significative difference between the treated cells and control (Fig.
| - D), thus confirming the outcome of the luciferase assay. In Fig. /| - B are reported representative images of

the cultures in each time point.
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Fig. I. 1 - The 11 miRNAs pool reduces proliferation of human MB cell line. (A) DAQOY cells were seeded in multiwell plates at a concentration
of 6x10* cells in each well in complete DMEM for 24h. The day after, DMEM was substituted with RPMI-1640 MegaCell medium with
Lipofectamine-2000 for transfection of the 11 miRNAs pool or the scramble control. After 6h, medium was changed with complete Neurobasal,
and collected each 24h for 4 days. Cells were then collected or fixed in coverslips for immunofluorescence analysis. NanoLuc is constitutively
expressed and released by DAQY cells and was used for bioluminescence analysis (photons/sec). (B) After transfection, cell images were acquired
every 24h. (C) DAOY cells were treated with scramble or 11 miRNAs pool at a concentration of 250nM for 72h. Medium was collected every 24h
and bioluminescence was detected quantifying the NanoLuc secreted by cells. NanoLuc quantity is directly proportional to the number of cells. The
experiment was done in biological triplicate and technical quadruplicate. Bars present mean+SEM, significance for *P<0.05, **P<0.01, ***P<0.001.
(D) At 72h DAOY cells were detached from the plate of growth and counted. Bars present mean+SEM, significance for *P<0.05, **P<0.01,
***P<0,001. Cell count was in technical quadruplicate.

Lower concentration of the treatment maintains the efficacy on cell growth

To determine the minimum effective dosage of the 11 miRNAs poo/ capable of eliciting the observed effects on
cell growth, we conducted a titration experiment following the same protocol described earlier. The
concentrations of 250nM, 125nM, 62.5nM, 25nM, 10nM and 5nM were tested (Fig. . 2 - A). Cumulative
bioluminescence evaluation showed that the effect of the 11 miRNAs poo/ persisted at the lower concentration
(5nM) and cell counting performed at 25nM, 10nM and 5nM consolidated this result (Fig. . 2 - B and Fig. 1. 2 -
o).
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Fig. I. 2 - Titration of the 11 miRNAs pool. (A) DAOY cells were transfected with lower concentrations of scramble or 11 miRNAs pool: 250, 125,
62.5, 25, 10 and 5 nM. Cells did not show a dose-dependent response to the miRNA transfection and the pool resulted effective until 5nM.
Experiment was done in technical quadruplicate and bars present mean+SEM, significance for *P<0.05, **P<0.01, ***P<0.001. (B) At the indicated
lower concentrations (25, 10 and 5nM) 72h upon transfection cells were detached and counted with the Neubauer counter chamber at the optical
microscope showing a lower number of cells in those treated with the pool. Cell count was in technical quadruplicate, bars present mean+SEM,
significance for *P<0.05, **P<0.01, ***P<0.001. (C) Overexpression of the 11 miRNAs in DAQY cells 72h upon transfection at 10nM to confirm the
regularity of the transfection even at this concentration.

The 11 miRNAs pool induces pro-neural differentiation in vitro

DAOQY cells were plated in T25 flasks at a concentration of 15x102 cells/cm? and treated with scramble or pool
at [250nM], [125nM] and [10 nM]. After 72h cells were collected and processed with Pl (propidium iodide) to
perform cell cycle analysis by flow cytometry. In Fig. . 3 - A and Fig. I. 3 - B are reported, respectively, the
distribution and percentage of cell populations over the G1/G0, S, G2/M cell cycle phases for each condition.
The three concentrations of the 11 miRNAs poo/ showed a higher percentage of cells in GO/G1 phases and a
lower percentage of cells in S phase compared to the scramble conditions. This suggests that 11 miRNAs poo/
induces an exit from the cell cycle and a stop in GO/G1 phases.

To determine if the increased cell proportion in the GO/G1 phase resulted from differentiation induced by the

11 miRNAs pool, we quantified by qPCR the transcript levels for several neuronal or stem markers in cells
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treated with scramble or pool at [10nM] after 72 hours. Relative expression of Nestin, CD44, CD133, NeuN,
MAP2, Tujl S1008, GFAP are reported in Fig. I. 4. Results show a significant decrease of CD44 and CD133
stemness markers and a significant increase for NeuN, MAP2, Tujl and S1008 markers in cells treated with the
pool compared to scramble samples. GFAP relative expressions show no significant difference. These results
suggest that, upon the transfection with the 11 miRNAs pool, cells are supported towards a neuronal

commitment.
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Fig. I. 3 - 11 miRNAs pool stop cells in GO/G1 phase of cell cycle. (A) Flow cytometry evaluation of cell cycle phases of DAQY cells transfected
with scramble or 11 miRNAs pool at 250, 125 and 10nM after 72h by using propidium iodide staining (GO/G1 phases in blue, S phase in yellow,
M/G2 phases in green). (B) Percentage of cells belonging to the different cell phases.
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Fig. I. 4 - The 11 miRNAs pool induces cancer stem cells neural differentiation in vitro. 72h upon transfection with 11 miRNAs pool at a
concentration of 10nM, it has been evaluated the level of stemness and neural markers through rt-qgPCR. Data shown in technical quadruplicates
and bars present mean+SEM, significance for *P<0.05, **P<0.01, ***P<(0.001.
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The 11 miRNAs pool does not induce apoptosis in DAOY cells

To evaluate whether the differentiation of DAOY cells induced by the pool is parallel to apoptosis of cells, we
performed flow cytometry analysis with PI (propidium iodide) and annexin V antibody. Cells were transfected
with scramble and pool at [250nM], [125nM] and [10 nM] in T25 flasks seeded at a concentration of 6x103
cells/cm?2. After 72 hours, cells were collected and processed for flow cytometry analysis. Results showed no
difference in apoptotic cell populations at every concentration analyzed (Fig. I. 5 — A), suggesting that the poo/
does not induce apoptosis after 72h since the transfection in vitro. To corroborate these data, we performed
quantification by immunofluorescence of the cleaved caspase 3 marker (Cleaved Casp3), protein expressed by
apoptotic cells, (Fig. I. 5 - B). DAOY cells were transfected with the 11 miRNAs poo/ with a concentration of
[10nM], then Casp3 marker was quantified and normalized on the total number of cell nuclei. No significant
difference in the percentage of apoptotic cells was observed between transfected and control groups 72h after

the treatment (Fig. /. 5 - B).
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Fig. 1. 5 - The 11 miRNAs pool does not induce apoptosis in MB cells. (A) DAOY cells were transfected with scramble or 11 miRNAs pool at 250,
125 and 10uM for 72h. Cells were then collected and stained with Annexin-FITC/PI for the apoptosis measurement with flow cytometry. Annexin
V-FITC positive cells were identified as apoptotic cells: early apoptosis (orange) and late apoptosis for cells positive for Pl too (pink). (B) Cleaved
caspase-3 immunofluorescence in DAQY cells transfected with scramble or 11 miRNAs pool at 10nM for 72h. Hoechst (blue) shows nuclei, cleaved
casp3 (green) shows apoptotic cells and mCherry (red) is constitutively expressed by DAOY cells. The quantification of apoptosis was calculated
as the number of cells positive for cleaved casp3 normalized on the number of total cells (nuclei - Hoechst).
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REVIEWING PROCESS

Reviewer #1 - Dr. Nereo Kalebic

The Thesis focuses on developing a novel mouse model of medulloblastoma and exploring a potential
therapeutic role of a poo/ of miRNAs in the same model.

The novelty of the mouse model lies in the strategy to transplant human medulloblastoma cells into embryonic
immunecompetent mice, thereby allowing for the generation of the appropriate tumor microenvironment. This
approach is based on the previous work of the same group (Hoffmann et al., 2020) in which the authors
generated a glioblastoma model. The current model seems even more relevant for the brain cancer field, as
medulloblastoma is a pediatric cancer and thus the embryonic transplantation faithfully mimics the events in
human patients. The model was very successful as detected by the presence of microglia and macrophages that
infiltrated into the tumoral mass. The main weakness of this part of the study is the timing of the analysis. As
correctly reported in the Thesis, it would be important to examine if the generated mouse model indeed does
not reject the graft after the immune system becomes fully mature. Additionally, to better follow the tumor
progression in mouse models, it would be interesting to perform in vivo imaging during the first postnatal weeks.
In the second part of the Thesis, the generated mouse has been used as a platform to test potential therapeutic
efficiency of a poo/ of 11 miRNAs, which were previously shown by the same group to promote neuronal
differentiation during adult neurogenesis (Pons-Espinal et al., 2017). This poo/ of miRNAs was transfected into
human medulloblastoma cells and transplanted into embryonic mice. The preliminary data suggest that the poo/
of miRNAs has pro-neural and antiproliferative effects. In this context, it would be interesting to better
discriminate if the effects of miRNAs are related to increased differentiation or cells only reduce the cell cycle
progression and move towards quiescence or senescence. Using specific markers for each of these scenarios
and various differentiation lineages along with the morphological analysis of cells could help address this
question. BrdU-Ki67 assay suggests an anti-proliferative effects of the 11 miRNAs. It would be interesting to
examine how long exactly is the cell cycle of engrafted human medulloblastoma cells and perhaps adjust the
timing of BrdU administration and the analysis to make sure that the cells indeed had sufficient time to progress
through the cell cycle. The final finding of the Thesis is the potential role of miRNAs in the epithelial-to-
mesenchymal transition (EMT). This is a very interesting part as it allows for a future analysis not only of the
cancer metastasis upon transfection of the poo/ of miRNAs, but also of the similarities between EMT in cancer
and neuronal differentiation during fetal development.

Overall, the work presented in this Thesis can lead to an important advancement in cancer modeling in vivo, in
understanding the role of 11 miRNAs in medulloblastoma progression and finally in dissecting the molecular
and cellular similarities between brain cancers and brain development. In conclusion, | believe the Thesis

presents a body of high-quality work that deserves the award of PhD.
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Author’s answer

| want to thank Dr. Kalebic for the time dedicated to the critical reading of my thesis and his insightful
comments, particularly those on the solidness of the immune system representation in the model. The reviewer
rightly emphasized the need for monitoring of tumors at post-natal stages, and | concur. As mentioned in the
Discussion section, two key possibilities exist: either the immune system is fully functional and actively
eliminates the masses, or the MB engraftments have developed mechanisms to evade elimination. A
longitudinal assessment of the tumoral engraftments is crucial to differentiate between these scenarios and
understand the underlying immune processes at play in our in utero orthotopic xenotransplantation model.
Current in vivo imaging techniques at our institute lack the necessary sensitivity to effectively track our human
MB xenografts due to their small size and diffuse nature. These techniques are designed for larger, more
compact tumor formations typically found in pre-clinical models. While physical sectioning provided valuable
initial insights, it also required a substantial time investment. This prompted us to explore more time-efficient
approaches. At the moment, light-sheet fluorescence microscopy or other higher-sensitivity imaging
techniques (i.e. micro-CT or PET scans) are under consideration. We are also considering non-invasive
approaches using circulating molecules that could indicate tumor activity while simultaneously evaluating
immunological response and Tumor Micro-Environment (TME) characteristics.

The reviewer also highlighted the significance of understanding the role of 11 miRNAs on cell cycle. | agree that
this aspect is crucial. Building on the Discussion’s exploration of the effect of the treatment, in particular its
potential role in inducing differentiation or quiescence, we planned to prioritize further research in the
differentiation re-programming, as outlined in the "future perspective"” section. More in details, we aim to utilize
human-specific neuronal differentiation markers, preferably with a nuclear localization signal. These choices
aim to increase the accuracy, as human-specific markers ensure greater specificity in refer the outcome to the
MB cells, while the nuclear localization provides a clearer visualization and quantification of marker expression
within differentiated cells. Through these methods we aim to obtain a more detailed and accurate
understanding of the pre-treatment's effect on neuronal differentiation.

I thank the reviewer for raising the pertinent aspect about the senescence as a possible effect of the treatment.
This aspect was not directly addressed in this thesis. However, we explored this direction through the B-
galactosidase assay in vitro, and the analysis is currently being conducted by the colleague responsible for in
vitro characterization. | agree that understanding which mechanisms underlies the poo/ of 11 miRNAs effect on
cell cycle is crucial, and replicating these observations in vivo is equally important as cellular behaviour can
significantly differ between controlled lab environments and the ecosystem of a living organism. For similar
reasons and to also exclude an induction by the 11 miRNAs pool of quiescence state, the experiment of BrdU
injection was designed to specifically assess whether the pre-treatment could induce an extension of cell cycle
length in engrafted cells. As reported in the Discussion, the cell cycle index (determined by BrdU Ki67*/BrdU*
cells) could not return any significant finding, possibly due to the improper timing of administration. This
highlights the importance of the reviewer’s point regarding the need to accurately characterize cell cycle length

in engrafted MB cells. Precise characterization with this focus can be performed through either consecutive
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sacrifice of mice injected with BrdU at various time points, followed by quantification of BrdU* cells in each
group to create a detailed profile of cell cycle progression, or dual labeling with EAU (another thymidine analog),
injected alongside BrdU at different time points. This dual labeling approach offers distinct temporal labeling of
proliferating cells, providing higher temporal resolution compared to BrdU alone. Examining the behaviour of
MB cells is crucial for progressing our comprehension. It is equally vital to acknowledge that both methodologies
come with limitations in terms of resources, such as animal utilization and time commitment.

| appreciate the reviewer's comment regarding the potential involvement of Epithelial-Mesenchymal Transition
(EMT) in our observations, as we are strongly committed to address this crucial point by targeted experiments
specifically designed from insights coming from molecular analysis on the pre-treated cells. We aim to obtain
definitive evidence regarding the presence or absence of EMT following the treatment. This will contribute
significantly to our understanding of the treatment's mechanism of action and its potential therapeutic

implications.
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Reviewer 2 - Dr. Giancarlo Bellenchi

This PhD Thesis aligns with the extensive research conducted at the host laboratory, focusing on the roles of
non-coding RNAs, particularly microRNAs (miRNAs), in cell differentiation and tumor progression. The
research builds upon prior findings from Prof. De Pietri Tonelli's laboratory, which identified a cluster of
microRNAs capable of collaboratively inducing the differentiation of adult neural stem cells into fully functional
neurons. Building upon this observation, the candidate explores the potential of this poo/ of mMiRNAs to mitigate
the proliferation and invasiveness of cancer cells. This investigation involves employing a mouse model of
medulloblastoma, a devastating untreatable tumor.

The utilization of miRNAs and short oligonucleotide sequences, mimicking the actions of specific miRNAs, has
emerged in recent decades as a potential treatment for various human disorders. This work aligns with this
research field and establishes a potentially innovative approach to counteract the progression and invasiveness
of medulloblastoma.

The Thesis is well-written and easy to follow. The rationale and the data presented in annex 1, effectively sets
the stage for the subsequent experiments. All experiments are well-documented with high-quality images. Dr.
La Rosa employs a wide array of techniques, ranging from cellular biology to mouse modeling and in-vivo
analysis of xenotransplants.

To enhance the robustness of the results, the candidate might have further strengthened the molecular
characterization of the cherry-positive xenotransplanted cells following transfection with the miRNA pool, as
well as their corresponding control cells. An effective approach could have involved re-purifying these cells,
perhaps utilizing laser dissection, to conduct a more in-depth exploration of the pathways associated with
reduced invasiveness. This approach could offer a clearer understanding of the underlying mechanisms and
could potentially pave the way for future research directions. Identifying new molecular players involved in this
process might indeed open avenues for drug-related approaches capable of bypassing the BBB and gaining
access to brain tumors more effectively.

However, these experiments are challenging, time-consuming, and bear a risk of failure if the required
techniques are unavailable in the host laboratory.

Overall, the data presented by Dr. La Rosa appears robust and holds promising interdisciplinary implications.

This demonstration of high-quality work merits the award of a PhD.

Author’s answer

| extend my sincere appreciation for the positive feedback on my thesis’s quality and well-structured
presentation. The comments regarding the solidity of the data presented are a gratifying recognition of my
efforts to ensure an informative and significant piece of work.

As concern the Reviewer’s suggestion on the implementation of the work by analyzing the molecular features
of the tumor cells upon the implantation, | have already conducted a trial of purification of the mCherry* cells
by sorting the cells from dissected and digested brain regions exhibiting visible masses. This initial attempt was

unsuccessful due to the limited number of cells collected. The scattered location of tumor engraftments
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throughout the brain, as also depicted by the tumor distribution reconstruction, is likely the primary cause of
this failure. The sequential procedures required for tissue preparation before sorting decrease the overall
number of the engrafted cells that can be eventually retrieved. The excision of host brain tissue by roughly
removing regions devoid of red fluorescence was also considered to improve the ratio of red-positive cells to
host cells, but it failed to meet expectations. Hence, a larger number of animals is necessary to isolate an
adequate quantity of cells for subsequent molecular analysis.

The approach suggested by the Reviewer of using laser dissection to resect the interested tissue could be a
promising alternative, as it would effectively reduce the presence of host cells and in turn improve signal-to-
noise ratio and potentially increase the final yield. Unfortunately, our laboratory does not currently have access
to laser dissection equipment. Additionally, as the Reviewer noted, this technique is time-consuming and may
pose a substantial risk of failure. A deeper comprehension of miRNA-mediated influence on tumor cells needs
the characterization of the engraftments at the molecular level. Your suggestion to pursue this analysis has
been incorporated into the Discussion chapter (please see the end of the page for the referenced text), as a
critical cornerstone guiding our future research trajectory.

| express my gratitude to Dr. Bellenchi for the willingness to dedicate his time and expertise in evaluating my

thesis.

Integrated text (pg. 44):
“[...] The re-purification of engrafted MB cells (i.e. by FACS) could provide a unique perspective into their molecular
identity post-implantation. This would dissect not only the intrinsic influence of the host environment but also
reveal the distinct molecular signatures induced by the treatment on these cells. It is essential to emphasize the
unique value of analyzing engrafted cells rather than studying them under in vitro settings. A comparison of gene-
and protein-expression profiles between pre-treated MB cells and the respective controls from in utero engrafts
can pinpoint the specific molecular pathways modulated by the 11 miRNAs. This, in turn, allows us to understand
the mechanism through which MB cells adapt and evolve within the living organism. Therefore, identifying the
targets of 11 miRNAs pool in MB engrafted cells could serve as a pivotal guide, enhancing the precision and focus

of our subsequent studies.”
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